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PHOTODYNAMIC THERAPY AND PHOTO-DETECTION OF 
DYSPLASTIC LESIONS AND SQUAMOUS CELL CARCINOMAS 
OF THE ORAL MUCOSA 
·. 
STELLING EN 
behorend bij het proefschrift 
PHOTODYNAMIC THERAPY AND PHOTO-DETECTION 
OF DYSPLASTIC LESIONS AND SQUAMOUS CELL CARCINOMAS 
OF THE ORAL MUCOSA 
Groningen, 30 oktober 1996 
J.M.NAUTA 
1. De kans op schade aan structuren buiten het doelgebied is een bijwerking 
van fotodynamische therapie van de mondholte die nader belicht client te 
worden. 
Dit proefschrift 
2. Het gebruik van Fotofrin be'invloedt in positieve zin de gevoeligheid van 
fotodynamische detectie van premaligne- en maligne afwijkingen van het 
mondslijmvlies. 
Dit proefschrift 
3 .  De rol van de lichtdosimetrie bij fotodynamische therapie is een onderbe­
licht onderzoeksgebied. 
Dit proefschrift 
4. De aanwezigheid van een lymfkliermetastase in de hals bij een patient met 
een primaire tumor van de mondholte verminderd de kans op diens gene­
zing met 50% ten opzichte van de patient met een soortgelijke primaire 
tumor zonder lymfkliermetastase. 
(Shah et al. Br J Oral and Maxillofac Surg 1995; 33: 3-8) 
5. Ook positieve discriminatie is discriminatie en derhalve strijdig met de wet 
op gelijke behandeling. 
6. De 'mountain-bike' doet in Groningen zijn naam geen eer aan. 
7. Een breedbeeld-TV leidt niet noodzakelijkerwijs tot een bredere kijk op de 
wereld. 
8. De uitspraak 'zand er over' geldt niet voor ondergrondse kernproeven. 
9. Het peroperatief kunnen laten verrichten van vriescoupe histopathologisch 
onderzoek is een conditio sine qua non voor de chirurgische behandeling van 
oncologische aandoeningen in het hoofd-hals gebied. 
10. De wetgever veroorzaakt moreel onrecht indien zij voor euthanasie geen 
andere juridische term clan 'moord' weet te bedenken. 
1 1. Het fileprobleem in Nederland is een regionaal probleem en derhalve client 
de oplossing van dit probleem dienovereenkomstig te worden gefinancierd. 
12. In de sport gaat het tegenwoordig vaak om het spel en de knikkers. 
13 .  Het beleid rond de gekke koeienziekte toont aan hoe gek de mens kan zijn. 
14. Ondanks de hoge kristallisatiegraad van de huidige biodegradeerbare osteo­
synthese materialen is het onderzoek hiernaar nog niet volledig uitgekristal­
liseerd. 
15. Niet zozeer het gebrek aan cellen baart zorgen, maar meer het bijbehorende 
overschot aan criminelen. 
16. 'Kleine oncologie' bestaat niet. 
17. Het belonen van een kroongetuige is in tegenspraak met de opvatting dat 
misdaad niet loont. 
18.  De nieuwe spelling geeft wat betreft de blinde(n)geleidehond eindelijk duide­
lijkheid over diens gezichtsvermogen. 
19. Het is echter de vraag of het 'kipgehalte' in kippensoep, onder invloed van 
de nieuwe spelling, zal toenemen. 
20. Een efficient afsprakensysteem maakt een grote wachtkamer overbodig. 
21 .  Als het waar was dat men alleen in dienst een man kon worden, dreigt er 
met de afschaffing van de dienstplicht in Nederland een ernstig vrouwen­
overschot. 
22. 'Patients delay' client te worden bestreden en 'docters delay' vermeden. 
23. Door accijnsverhogingen verandert men geen gedrag 
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VOORWOORD 
Dit proefschrift bevat een reeks artikelen die tot stand zijn gekomen door de 
samenwerking van vele personen. Graag wil ik daarom iedereen bedanken die op 
enige wijze betrokken is geweest bij en zijn bijdrage heeft geleverd aan de 
vervaardiging van dit proefschrift. Zonder anderen te kort te willen doen, gaat 
mijn dank in het bijzonder uit naar de volgende personen: 
Profdr. f l.N Roodenburg, hooggeachte eerste promotor. Er zijn vele zaken 
waarvoor ik u dank verschuldigd hen. Onder andere voor de begeleiding van dit 
proefschrift, mijn opleiding tot maxillofaciaal oncoloog, en zeker niet in de laatste 
plaats voor onze samenwerking. Het is mij daarom een grote eer uw eerste 
promovendus te mogen zijn. 
Profdr. A. Venney, hooggeachte tweede promotor. U wil ik bedanken voor 
alle correcties (met de zo bekende rode stift) die u in dit werk heeft willen 
aanbrengen. T evens ook aan u de eer voor mijn opleiding in de oncologie. Uw 
'Hoofd-Hals oncologisch gedachtengoed' is voor mij een dagelijkse leidraad en zal 
dit ook altijd blijven. 
Dr. WM. Star, zeer geachte referent. Hoewel de afstand Groningen-Rotterdam 
door velen als vrijwel onoverbrugbaar wordt geacht, is dit gelukkig in onze 
samenwerking nooit het geval gebleken. Zeker na de aanleg van de tweede Van 
Brienenoordbrug en het openen van de elektronische snelweg werd de onderlinge 
afstand steed kleiner. Verder hebben E-mail, telefax en telefonie tot een soort van 
telepathie geleid. Als om half twaalf 's avonds de telefoon ging, wist ik bijna 
zeker dat u het was, om nog enige veranderingen in het manuscript door te 
nemen. Voor uw grote fysische kennis en vrijwel onuitputtelijke fysieke inzet 
dank ik u. 
Dr. P. G.f Nikkels, zeer geachte referent. De vele uren samen achter de 
microscoop werden ruimschoots gecompenseerd door onze veelvuldige en zeer 
aangename 'werkbesprekingen'. Mijn dank voor wat u mij heeft geleerd over 
afwijkingen bij de rat en humane pathologie. Uw aanstaande vertrek zal zeker een 
gemis opleveren voor de orale pathologie in Groningen. 
Dr. Hl.l.M. van Leengoed, zeer geachte referent. U stond niet alleen aan de 
wieg van dit onderzoek, maar was ook zeer nauw betrokken bij de afronding van 
dit proefschrift. Na uw Amerikaanse avontuur in het Mekka van de fotodynami­
sche therapie in Buffalo, was het mij een groot genoegen dat u Groningen 
verkoos als woonplaats. Ik ben blij dat ik veelvuldig heb mogen profiteren van 
uw heldere, pragmatische, maar vooral grote kennis op dit onderzoeksgebied. 
Profdr. l Van der Waal, Profdr. ff ten Bosch en Profdr. F. W Albers, 
hooggeachte leden van de promotiecommissie. Ik beschouw het als een grote eer 
dat u bereid was zitting te nemen in de promotiecommissie en dank u voor de 
zeer snelle wijze waarop u bet manuscript heeft beoordeeld en van commentaar 
heeft voorzien. 
Prof dr. G. Boering, u wil ik bedanken voor de opleiding tot kaakchirurg die 
ik van u heh mogen ontvangen. Uw verdiensten zijn te veel om op te noemen, 
maar zijn het niet vooral uw beroemde 'plusjes en minnetjes' die het wezen van 
de differentiele diagnostiek vormen. 
Dr. A.K. Panders, uw enthousiasme aangaande hoofd-halsoncologie en orale 
pathologie hebben al in een vroegtijdig stadium aanstekelijk gewerkt. Al voor het 
afronden van mijn tandartsexamen had u er voor gezorgd dat ik wist wat ik later 
wilde worden. Mijn dank hiervoor. 
Profdr. L. G.M de Bont, u wil ik graag bedanken voor de gelegenheid die u mij 
heeft geboden om dit proefschrift af te ronden. 
Drs. MJH Witjes, beste mede-onderzoeker. Ik hen blij dat u het tweede deel 
van het onderzoek betreffende de nieuwe lichtgevoelige stof op u heeft willen 
nemen. Hierdoor zal blijken dat een plus een toch meer clan twee kan zijn. 
Mw. C.A.A.M Nooren, zonder uw inzet waren er geen ratten bestreken, geen 
histologische coupes vervaardigd, oftewel was het onderzoek niet geweest wat het 
nu is. De kwaliteit die u wist te bereiken met het vervaardigen van de coupes is 
groots. 
Dhr 0. C. Speelman, op voor mij soms bijna niet te volgen wijze wist u de 
laser te bedienen en door middel van beeldbewerking er ook nog plaatjes van te 
maken. Ik beschouw u als een TIM-wizzard. 
Dr. S.L. Thomsen, I want to thank you for all the support concerning the 
histology of the PDT-induced damage of the normal rat palate. 
Mw. K. Wolthuis, niet alleen voor alle ondersteuning bij de vervaardiging van 
dit proefschrift wil ik u bedanken, maar zeker ook voor alle gezamenlijke uren 
op de fiets, schaats en ski, waaruit blijkt dat fysieke inspanning psychische 
ontspanning tot gevolg kan hebben. 
Drs. R.J Hoekstra en Ir. P.MA. van Bergen, geachte paranimfen. U beiden wil 
ik bedanken voor alle morele en fysieke begeleiding in verleden, heden en 
hopelijk toekomst. 
Dr. B. van der Kuijl. U wil ik graag bedanken voor uw hulp bij het laatste 
'plak- en knipwerk' waarbij uw grote kennis op het gebied van 'desk top 
publishing' eenieder bekend moge zijn en uw streven naar perfectie bijna 
spreekwoordelijk is. 
Alie medewerkers van de afdeling Fysica, Fotodynamische Therapie, Dr. Daniel 
den Hoedkliniek, Rotterdam. U wil ik allen hartelijk bedanken voor de 
gastvrijheid die ik steeds bij u heh mogen genieten. Het doen van onderzoek werd 
mede hierdoor een waar genoegen. 
Dhr. HL. Bartels en Dhr. P.A. Klok van het Centraal Dierenlaboratorium wil 
ik graag bedanken voor de hulp bij de experimenten. 
Dhr. H Vuik en Dhr. S. Sliwa van de afdeling medische fotografie, Dr. Daniel 
den Hoedkliniek, Rotterdam wil ik graag bedanken voor alle foto's die in de loop 
der jaren van de ratten werden gemaakt. 
Dr. A Vissink. Mag ik u hartelijk danken voor al het lees- en correctiewerk dat 
u in de loop der jaren heeft willen verrichten. 
Alie medewerkers van de afdeling Mondziekten, Kaakchirurgie en Bijzondere 
T andheelkunde. Het is mij een groot genoegen te mogen werken op een afdeling 
als de ooze. Een afdeling die zich in de loop der jaren heeft mogen ontwikkelen 
tot een eenheid waar eenieder met recht trots op mag zijn. Ondanks het feit dat 
het doen van onderzoek en het verrichten van klinische werkzaamheden nog wel 
eens interfereerden en de gezamenlijke klinische werkdruk soms hoog was, heeft 
u allen er voor gezorgd dat er voor mij toch nog voldoende tijd was om dit 
proefschrift af te ronden. Ik wil u allen daarom bedanken voor de prettige 
samenwerking. 
Mijn ouders. Ik wil u bedanken voor alles wat u mij in dit leven heeft gegeven. 
Daarmee bedoel ik niet alleen de mogelijkheid om te leren en te studeren, maar 
zeker ook de normen en waarden die u mij in mijn opvoeding heeft meegegeven. 
Door dit alles ben ik geworden wie ik nu ben. Zeker op een dag als deze doet het 
daarom des te meer pijn te moeten aanvaarden dat mijn vader niet aanwezig is. 
Maar ik prijs mij gelukkig zo'n vader gehad te hebben en zo'n moeder te hebben. 
Daarom draag ik dit proefschrift aan u beiden op. 
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Introduction and A im J 
INTRODUCTION 
Cancer of the lip and oral cavity account for 1-2% of all malignant tumors in the 
Netherlands. Most (> 95%) of the malignant tumors of the lip and oral cavity are 
squamous cell carcinomas. Therefore, oral cancer problems primarily concern the 
diagnosis, biology and management of squamous cell carcinoma. 1 •2 The incidence 
in the Netherlands is 4-5 new cases per 100.000 persons per year. Per year about 
650 new cases of oral cancer are registered. Eightyfive percent of all oral cancers 
occur in the tongue, lips, and floor of the mouth. The tongue is the most 
common site.2 Most (> 95%) occur after the 4th decade of the patients life. 
Accurate figures are now available from the Netherlands Cancer Registry of 1989-
1992.3 
Generally accepted etiologic factors for squamous cell carcinoma of the oral 
mucosa are the use of tobacco and alcohol. Other etiological factors, such as 
nutrition, occupation, dental status, (viral) infection may also be involved in the 
development of a squamous cell carcinoma of the lip and oral cavity, but their 
exact influence still has to be determined.4 
Squamous cell carcinoma of the oral mucosa can be preceded or surrounded 
by a precancerous lesion. A precancerous lesion is defined as a morphologically 
altered tissue in which cancer is more likely to occur than in its apparently 
normal counterpart. 5 The most common precancerous lesion of the lip and oral 
cavity is leukoplakia.6 Leukoplakia is a clinical diagnosis. It is defined as a white 
patch that cannot be removed by rubbing, that cannot be characterized as any 
other disease, and which is not associated with any physical or chemical causative 
agent except with the use of tobacco. 1  Histologically, leukoplakia is an intra­
epithelial lesion showing epithelial hyperplasia, orthokeratosis or parakeratosis, 
with or without dysplasia.7 According to the literature, the overall chance of 
malignant transformation of oral leukoplakia to squamous cell carcinoma varies 
from 0.13% to 17.5%. 8•9 When the clinical appearance, histology, location, 
etiologic factor, gender and age of the patient are taken into account, a more 
precise risk of malignant transformation can be estimated. 
Most discouraging is the fact that about half of all oral cancer patients die of 
their disease within 5 years after the first diagnosis of oral cancer was made. 
Tumor size and regional nodal spreading are correlated with a bad prognosis. 10  
Important factors to reduce mortality of patients with oral squamous cell 
carcinoma are prevention, early detection, and improvement of treatment 
efficacy. Early detection of premalignant lesions and squamous cell carcinomas 
of the oral cavity is often difficult. Premalignant lesions or squamous cell 
carcinomas of the oral mucosa may mimic many benign lesions. Early squamous 
cell carcinoma of the oral cavity may remain painless until the lesion becomes 
ulcerated. It is often because of pain that patients seek consultation. The low 
incidence makes this disease not suitable for screening. Dentists can play an 
4 Chapter 1 
important role in the early detection of oral cancer during regular dental check­
up. 
Treatment of intra-epithelial premalignant lesions can be performed by local 
excision, cryosurgery or C02-laser surgery. C02-laser evaporation has shown to 
be effective to remove leukoplakia with a minimal formation of scar tissue, 
compared to surgical excision or cryosurgery. It was found that C02-laser 
evaporation is effective to prevent malignant transformation of this precancerous 
lesion into squamous cell carcinoma. 11 
Curative local and regional treatment modalities for squamous cell carcinoma 
of the lip and oral cavity are surgery, radiotherapy or a planned combination of 
both modalities. Surgical treatment of these tumors has the disadvantage of loss 
of tissue, which may cause functional and/ or esthetical disturbances. To obtain 
oncological safe margins, relatively much unaffected tissue has to be excised. 
Because of its cumulative effect, a curative dose of radiotherapy can only be given 
once in one area. Patients treated for a squamous cell carcinoma of the upper 
aerodigestive tract have an increased risk for a second primary tumor.4 The risk 
for the occurrence of a second primary tumor of the oral cavity and upper 
aerodigestive tract was found to be at a steady rate of approximately 2.8% per 
year, at least 10 years after detection of the first tumor at this site.12 Radiotherapy 
should therefore be saved if possible for future treatment. Radiotherapy of 
squamous cell carcinoma of the lip or oral cavity causes both early and late 
effects. These side effects are mucositis, taste loss, xerostomia, radiation caries, 
soft tissue necrosis, osteoradionecrosis and risk of tumor induction.13-15 
A more selective local therapy with less side effects and the same or even 
higher cure rates for treatment of dysplastic lesions and small, superficial growing 
squamous cell carcinoma could thus be of great value in head and neck oncology. 
Photodynamic Therapy (PDT) could be such a new therapeutic modality in 
head and neck oncology. Photodynamic Therapy (PDT) is based on the 
accumulation of a photosensitive dye in (pre)malignant tissue. A certain period 
of time after the photosensitive dye has been administered, tumor tissue contains 
more of the sensitizer then the surrounding normal tissues. When sensitizer 
containing tissue is exposed to light of a proper wavelength and dose, a 
photochemical reaction between the dye and the light will occur. The activated 
photosensitizer activates oxygen which cause tumornecrosis by vascular stasis and 
cell damage. The advantage of PDT over conventional surgical or radiotherapeu­
tic treatment may be its dual selectivity. Firstly, selectivity may be obtained by 
the preferential accumulation of the photosensitizer in (pre)malignant tissue, and 
secondly, the photodynamic activity is limited to the illuminated area, as it will 
not affect tissues in the absence of excitation light or photosensitizer. 
Besides a tumor destructive effect, photosensitizers are also capable to show 
fluorescence, when stimulated by light of an appropriate wavelength. This 
fluorescence can be used to detect tumors. Analogous to PDT, it can be referred 
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to as Photo-detection (PD). PD might be a method for early detection and 
localization of tumors or even premalignant epithelial changes, in tissues 
accessible to the delivered light.16-18 
AIM OF THE INVESTIGATION 
The aim of this study is dual. The first aim is to determine the value of 
Photodynamic Therapy (PDT) in the treatment of dysplastic lesions and 
squamous cell carcinomas of the oral mucosa in an animal model. The second 
aim is to study the applicability of Photo-detection (PD) for imaging and early 
localization of dysplastic lesions and squamous cell carcinomas of the oral 
mucosa. Prior to application of PD and PDT in humans, an animal model of 
chemically induced dysplastic lesions and squamous cell carcinomas of the oral 
mucosa is used to study the value and applicability of PD and PDT in oral 
oncology. The specific aims are: 
- to review the literature regarding experimental oral carcinogenesis. Emphasis 
is given to review the 4-Nitroquinoline-1-oxide (4NQO) model of chemically 
induced dysplastic lesions and squamous cell carcinomas of the rat palatal 
mucosa (Chapter 2); 
- to study macroscopic and microscopic changes of the 4NQO-induced lesions 
of the rat palatal mucosa, related to different application periods of the 
carcinogen 4NQO (Chapter 3); 
- to compare the histological characteristics of 4NQO-induced epithelial dysplasia 
in the rat palatal mucosa with human oral epithelial dysplasia (Chapter 4); 
- to review the literature on Photodynamic Therapy (PDT) and Photo-detection 
(PD) with the porphyrin based photosensitizer Photofrin, with emphasis on the 
use of both modalities for lesions of the oral mucosa (Chapter 5); 
- to describe the applicability of Photo-detection (PD) for in vivo localization of 
different stages of 4NQO-induced dysplastic lesions and squamous cell 
carcinomas in the rat palatal mucosa with the photosensitizer Photofrin 
(Chapter 6); 
- to study the effect of Photodynamic Therapy (PDT) and light dosimetry in 
normal palatal mucosa and surrounding anatomical structures (Chapter 7); 
- to investigate the applicability of Photodynamic Therapy (PDT) for the 
treatment of different stages of 4NQO-induced dysplastic lesions and squamous 
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ABSTRACT 
The induction of dysplastic lesions and squamous cell carcinomas in the rat 
palatal mucosa, by local application of the carcinogen 4-Nitroquinoline-1-oxide 
(4NQO) is reviewed. It was derived from the literature that the 4NQO rat palate 
model serves the opportunity to study squamous cell carcinomas as well as 
premalignant epithelial lesions of the oral mucosa. This adds special value to the 
model, as animal models with transplanted tumors lack premalignant stages. 
INTRODUCTION AND HISTORICAL REMARKS 
Introduction 
To investigate oral cancer and oral carcinogenesis, animal models have been 
developed. These models are useful to evaluate diagnostic and prognostic criteria, 
and can be used to study new oncologic treatment modalities. 
Malignant solid tumors in animals can be obtained either by transplantation 
of tumor cells or by induction of tumor growth by application of a carcinogen. 
The advantage of the use of transplanted tumors compared with chemically 
induced tumors is that the former can be established rather quickly. Disadvantag­
es of transplant models are the absence of premalignant stages in the development 
of these tumors, the lesser degree of differentiation and the lack of a human 
counterpart for the site of these tumors. Chemically induced tumors show 
premalignant stages comparable to those found in humans. These tumors are 
usually highly differentiated, seldom give rise to metastases but need more time 
to arise. 
To study treatment modalities for premalignant lesions and squamous cell 
carcinomas of the oral mucosa, the models induced with carcinogens are 
favorable. However, no animal model of oral mucosa! carcinogenesis can be 
considered as ideal. 19•20 The required characteristics of the model also depend on 
the aim of the study. 
Historical remarks 
Early reports concerning experimentally induced malignant lesions of the oral 
mucosa were accidental findings rather than fully reproducible experiments. 
Bonne,21 who was studying skin carcinogenesis observed in some mice treated on 
the skin with coal tar, papillomas of the mouth and stomach, probably due to 
ingested coal tar by licking the skin. Two years later he noticed squamous cell 
carcinomas developing in the oral cavity in 3 out of 50 rats which had been 
treated on the skin with coal tar for over a year.22 Experimental oral carcinogene­
sis developed from experimental skin carcinogenesis. Krebs23 was one of the first 
investigators in the field of experimental oral carcinogenesis, who was able to 
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induce squamous cell carcinomas of the buccal mucosa in two out of ten mice 
which were treated locally by the application of alcohol 50% for about 500 days. 
Changes in the palatal mucosa of rabbits, resembling leukoplakia, were induced 
by Roffo24 by repeated exposure to cigarette smoke. Oyama25 was able to induce 
carcinomas in the tongue in two out of sixteen rabbits using both local 
mechanical stimuli and application of coal tar onto the lingual surfaces in these 
animals. From the crude tar substances, that had been used in early experimental 
skin carcinogenesis, many polycyclic hydrocarbon carcinogenic substances were 
derived with varying success in experimental carcinogenesis. 
Fundamental studies of experimental oral carcinogenesis are thought to have 
started with the investigations of Salley in 1954.26 Based on his experiments, using 
9,10-dimethyl-l,2-benzanthracene (DMBA), 3-methylcholanthrene and benzo(a)­
pyrene dissolved in either acetone or benzene, he found the hamster buccal 
pouch susceptible to develop cancer after repeated application of DMBA dissolved 
in acetone. All animals in the group treated with DMBA dissolved in acetone 
developed squamous cell carcinomas of the buccal pouch. One year later he 
observed that DMBA dissolved in mineral oil gave an even more rapid 
induction.27 The hamster buccal pouch model using DMBA dissolved in mineral 
oil has been used in many studies on experimental oral carcinogenesis.28 Although 
repeated application of the fat soluble carcinogen DMBA to the buccal pouch of 
the hamster quickly induces squamous cell carcinomas, the model itself has major 
drawbacks. Disadvantages of this model are that the truly intra-oral nature of the 
involved tissue is questionable and that the site is not subjected to the environ­
mental influences usually found in the oral cavity.20•29•33 The DMBA-induced 
tumors of the hamster buccal pouch seem to progress from papillomas, which is 
not a common feature in humans.34 Furthermore, the cheek pouch has no 
anatomical counterpart in man, its epithelium is considerably thinner than that 
of the mucosal lining of the other parts of the oral cavity. A further major 
disadvantage of the hamster buccal pouch is that it is an immunologically 
privileged site. It will accept allogeneic grafts of both normal and neoplastic 
tissues.19 
A model that overcomes the disadvantages mentioned above is the rat palatal 
model of W allenius and Lekholm. 35 In this model, the water-soluble carcinogen 
4-Nitroquinoline-1-oxide (4NQO), 0.5% (w/v) dissolved in propylene glycol, is 
applied to the palate three times a week to induce successively slight, moderate 
and severe epithelial dysplasia, and highly differentiated oral squamous cell 
carcinomas. The progression of these dysplastic changes seems to be similar to 
that observed in humans. The 4NQO-induced squamous cell carcinomas of the 
rat palatal mucosa behave like their human counterparts, in that they are 
ulcerative, endophytic lesions. 34 Therefore, in the 4NQO rat palate model both 
invasive squamous cell carcinomas and their premalignant epithelial stages can be 
studied.36 
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Carcinogenesis is generally believed to be at least a two stage process involving 
the initiation of a normal cell to a potential cancer cell and the promotion of 
these initiated cells into cells that replicate to yield gross tumors.34•37•39 On a 
molecular level, initiation is thought to be the process of stable alteration of 
DNA by carcinogens, which can be physical, viral or chemical. The induced 
DNA alterations are either permanently through mutations or temporarily 
through depression or repression of DNA of the affected cell. Histologically, 
initiated cells appear not to be tumor cells, and cannot be recognized as such, 
until promotion takes place, which changes the initiated cell into a population 
of dividing tumor cells. Although promotion is often considered to be a single 
stage event, it takes a prolonged period of time and probably comprises more 
than one process. Tumors do not develop when only the initiator or only the 
promotor is administered, nor do tumors develop when the promotor is applied 
before the initiator.34 On the contrary, when the application of the promoter is 
delayed for several months after the application of the initiator, still a high yield 
of tumors can be obtained. This indicates the essentially irreversible nature of 
initiation. The promotion stage, however, appears to be at least partially 
reversible. If promotor doses are too low or the application too widely spaced, 
promotion will be less effective. 
Most chemical carcinogens are so called precarcinogens. They require metabolic 
activation into ultimate carcinogens, capable of transforming cells. The metabolic 
activation of precarcinogens may be a single step reaction or may involve 
multiple steps in which one or more less reactive intermediates (proximate 
carcinogens) may be formed. Other metabolic pathways may lead to inactivation 
of the precarcinogens or its derivatives. The carcinogenic potency of a chemical 
is therefore not only determined by its inherent reactivity but also by the balance 
between metabolic activation and inactivation. Chemicals that are considered as 
being carcinogenic must have both initiating and promoting activity, either 
directly or through one or more active metabolites. Such chemicals are called 
complete carcinogens. By contrast incomplete carcinogens are capable to initiation 
only.4().44 One of the complete carcinogens is 4-Nitroquinoline-1-oxide (4NQ0).45 
4NQO is actually a precarcinogen which has to be metabolized before it can 
react with DNA. Microsomal oxide reductase convert 4NQO to 4-hydroxy­
arninoquinoline (4HAQO), which is thought to be the proximate carcinogen, 
serving as an intermediate in the formation of DNA adducts. 4NQO-reductase 
activity can be found at sites of the palatal mucosa with a high incidence of 
squamous cell carcinoma, whereas a lower activity can be found at sites where the 
carcinomas do not occur. 46 Seryl-tRNA synthetase is considered to be the enzyme 
which forms the intermediate between 4HAQO and its action on DNA, 
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probably by the formation of Seryl-4HAQO. Seryl-4HAQO is capable to 
introduce quinoline groups into nucleic acid via covalent bonds with 
purines.34•42•47•48 4NQO or its carcinogenic derivatives are capable to produce base­
pair mutations,49 deletion mutations, mitotic gene conversion, so and chromosome 
aberrations such as abnormal chromosomal elongation, chromatid breaks and 
chromatid exchanges.49 In addition to chromosome aberrations 4NQO can also 
induce diplochromosomes which are formed by endoreduplication. Endo­
reduplication is a consequence of disturbed chromosome reproduction, indicating 
4NQO-induced disturbances in the chromosomal reproduction.s1 Protogenes 
and/ or tumor suppression genes located to rat chromosomes 3 and 12 may 
control tumor cell differentiation in the 4NQO model.s2 
TechnU,ue of application 
The induction of oral squamous cell carcinoma in the rat palate using 4NQO 
seems to be independent of rat strain and sex, nor is it dependent on the type of 
anesthesia during the application of the 4NQO. Most investigators used six to 
eight week old male or female rats of the Sprague-Dawley, Porton, Charles-River 
or Wistar albino rat strains. 
All investigators applied a 0.5% w/v solution of 4NQO dissolved in propylene 
glycol three times a week onto the rat palate. The application was carried out for 
a different number of weeks. The carcinogen was applied to the palate by a single 
rotating stroke of a small brush or by a precision micropipet. The amount of 
4NQO applied to the palate each time was about 0.15 mg per application.3s.s3-ss 
The solvent propylene glycol has a negligible contribution to the carcinogenic 
potency of 4NQO. In control experiments it has been shown that the application 
of the solvent resulted in only one case in mild dysplasia56 and in two cases in a 
histological focus of verrucous carcinoma. ss It is questionable whether these 
changes are truly caused by the application of the solvent, or that they have 
another etiology. 
Dose-response 
When 4NQO is applied three times a week, carcinomas can be observed from the 
24th week of application, with a 100% score at 7 months.3s The induction period 
can be shortened or prolonged by other application intervals. Dose-effect 
studiesss.s7 have indicated that short application periods (1-6 weeks) are followed 
by prolonged expectancy periods (51-80 weeks). Long application periods (more 
than 12 weeks) are capable of inducing carcinomas after a relatively short 
expectancy period (8-21 weeks). Comparing the application frequency of 4NQO 
with the incidence of tumor growth, it was shown that in 50% of the cases 
carcinomas developed after 11 or 12 months when there had been 18 or 12 
Review of the 4NQO model 13 
applications, respectively. The tumor yield was 50% after 23 months when 
4NQO was applied 6 times, whereas it took 30 months to induce tumors in 25% 
of the cases when there had been only 2 applications of 4NQ0.55 
Resistance of the oral mucosa 
Early attempts to induce carcinomas of the oral mucosa were less successful as 
compared to skin carcinogenesis. 23-25 Therefore attention has been paid to a 
possible protective effect of salivary constituents and the lack of 'portes d'entree' 
in the oral mucosa like sebaceous glands and hair follicles. Initially it was thought 
that the protective action of saliva was due to the formation of a protective layer 
rather than a mechanical washing effect. 58 The glycoprotein covering of the 
mucosa! surfaces functions both as a lubricant and a selective permeability barrier 
which guards against desiccation and exogenous insult. The increased efficiency 
of 4NQO over DMBA in rat palate oral carcinogenesis was explained by the fact 
that 4NQO is water-soluble whereas DMBA is fat-soluble. 35•59 Thus, the 
protective glycoprotein layer may serve as a barrier for DMBA to reach the 
epithelium. The protective effect of saliva was examined by means of xerostomic 
rats, which were painted with 4NQO. It was found that in these rats, squamous 
cell carcinomas appeared after a mean of 4.7 months whereas tumors occurred in 
non-xerostomic rats after a mean application period of 7 months. It was 
concluded that a protective effect of the saliva was due to this difference. 60 
'Portes d'entree' like sebaceous glands and hair follicles play an important role 
in skin carcinogenesis. They do not exist in the palatal mucosa, but minor 
salivary glands and the gingival sulcus could play such a role. In particular a 
longer retention of 4NQO in the gingival sulcus could be responsible for the fact 
that most carcinomas develop in the gingival region of the palate, adjacent to the 
maxillary molars.33•55•61 
Macroscopic appearance 
When 4NQO 0,5% dissolved in propylene glycol is applied three times weekly 
to the rat palatal mucosa for prolonged periods of time various clinical changes 
have been reported. 20•33•53"55•57•62-64 Because none of the experiments was fully 
consistent in the total number of 4NQO applications, a reliable time sequence 
in the development of premalignant lesions and oral squamous cell carcinoma of 
the palatal mucosa is difficult to deduct. Based on data from the literature the 
following sequence of the clinical signs was derived: 
Days 2-10. Occasionally a focal transient ulceration may arise. 54•55•63•64 Focal 
ulceration was observed at the palate, buccal mucosa and dorsal surface of the 
tongue. It was most prominent in the lateral parts of the palate. Only minor 
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changes were seen in the midline and the attached gingiva. 63 All ulcerations healed 
and re-epithelized within 2-4 weeks. 
Weeks 2·4. No abnormal changes33 or minor loss of definition of rugae.54 
Weeks 4-12. Mild thickening of mid-palatal and gingival areas with further loss of 
definition of rugae and leukoplacic thickening. 
Weeks 16-20. The rough topography of the rugae completely disappears and deep 
gingival pockets arise. The papillary appearance of the palate becomes more 
pronounced. 
Weeks 20-26. The mucosa becomes grossly thickened and is characterized by the 
presence of short ridges and papillary growths; followed by expanding ulceration 
surrounded by an elevated hyperkeratotic wall, strongly suggestive of squamous 
cell carcinoma. Growth of the tumor between the molars results in mobility of 
these molars. 20,JJ,53,54,64 
At the palate most tumors are observed in the gingival region, generally 
unilaterally localized, adjacent to the maxillary molars. A possible explanation for 
this predilection site could be chronic irritation due to the impaction of hair, 
food and bedding material in the gingival sulcus causing promotion of the 
carcinogenic effect due to mitotic activation caused by this chronic irritation. 
Furthermore, prolonged retention of 4NQO in the gingival sulcus as compared 
to the palatal mucosa, where the carcinogen is thought to be more easily washed 
away, could be an explanation for this predilection. ss 
Tumors not only developed in the palatal mucosa, but also at the dorsal 
surface of the tongue. The region of the intermolar tubercle of the tongue was 
the most common site of tumor development. The close contact of this region 
of the tongue with the palate, together with depression of the mucosal surface at 
the tubercle resulting in longer retention of the carcinogen are thought to cause 
tumors on this particular site. The tumors appeared as nodular white swellings 
and extended to the posterior third of the tongue. The nodules on the surface of 
this swelling became exophytic lesions, which rapidly developed into cancer with 
a tendency to ulcerate in the final stage. The increase in size of the tongue 
resulted in breathing difficulties and decreased bodyweight due to malnutrition 
of these rats.62•64 In about 75% of the animals tongue tumors were noticed.35 In 
only a few cases tumors developed at extra-oral sites i.e. fore-stomach and lower 
lip, but in most cases, if examined, no tumors were found on external body 
surfaces or internal organs. 35•64 
Microscopic appearance 
Histological examination of the rat palate mucosa after 4NQO treatment 
confirmed that there is transformation of the oral epithelium through the stages 
of hyperplasia, slight, moderate and severe dysplasia to highly differentiated 
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invasive squamous cell carcinoma. This transformation is characterized by the 
following stages. 
Week 0-8. Focal ulceration at the palate can be found during the first two weeks 
of 4NQO application. Ulcerated areas of the palatal mucosa covered with fibrin, 
necrotic tissue and bacterial plaque were found. At the margins of the ulcerations 
migrating epithelial cells were observed. The ulcerations tended to heal within 
two weeks, showing an epithelium of normal thickness, but a with a thin 
cornified layer. Later on the previously ulcerated areas could be recognized 
showing an irregular epithelial hyperplasia and a thin layer of weakly stainable 
keratin.65 
Week 8. Generalized hyperorthokeratosis and hyperplasia of the epithelium with 
elongation, branching and broadening of rete pegs can be found. In focal areas 
single dyskeratotic cells and apparent acantholysis can be noticed. Epithelial 
atypia predominately occurred in the basal one-third of the cellular compartment. 
Week 12. The changes at 12 weeks are essentially similar to those noted at 8 
weeks. However, focal areas showing moderate to severe cellular dysplasia 
involving two-thirds or more of the thickness of the cellular compartment can 
be observed in more animals. The gingival areas especially the sulcal epithelium 
exhibited mild dysplasia. 
Week 16. From week 16 onwards there is increasingly severe hyperorthokeratosis 
and hyperplasia including pronounced papillary hyperplasia. There is a general 
background of mild dysplasia and an increasing number of focal areas with 
moderate to severe dysplasia. 
Week 20. Proliferative changes and periodontal pocketing in the gingival area 
become more pronounced. Histologically these changes can be typed as severe 
dysplasia. 
Week 24-26. Obvious signs of malignancy i.e. infiltrating, highly differentiated 
squamous cell carcinoma and verrucous carcinoma. This sequence of events is 
supposed to be closely similar to that in human oral carcinogenesis. Perineural 
spread of tumor was noted but does not seem to be a prominent feature in the 
4NQO rat palate model. 64 
Not only well differentiated squamous cell carcinomas are induced but also 
verrucous carcinomas. The experimentally produced oral verrucous hyperplasia 
and verrucous carcinomas have the same histological characteristics as their 
human counterparts.54 This supports the view that oral verrucous hyperplasia can 
be considered a premalignant lesion which may not only lead to verrucous 
carcinoma but also may undergo dysplastic transformation to infiltrating 
squamous cell carcinoma. 
Another prominent feature of the 4NQO rat palate model is the high 
prevalence of foci of acantholytic dyskeratosis (FAD). FAD has a distinct 
histological pattern. It is histologically characterized by the following focal 
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changes: intra-epithelial clefts around preserved papillae, acantholytic and 
dyskeratotic cells at all levels of the epithelium, hyperkeratosis, parakeratosis and 
a varying degree of basal cell hyperplasia may be present. 66 In the 4NQO rat 
palate model FAD occurred in isolated areas as well as in association with areas 
of dysplasia and verrucous carcinoma. When it occurred in verrucous carcinoma 
it resembled the parakeratin clefts and plugs described for human carcinoma. This 
appearance however, can not be interpreted as an early sign for the development 
of verrucous carcinoma. 33•61 The earliest sign of FAD is the appearance of a few 
single acantholytic cells in the middle and lower half of the stratum spinosum in 
a localized area, usually an acanthotic rete ridge. This change is followed by the 
production of grains, suprabasal cleft formation and focal hyperparakeratosis. 
FAD is probably an induced epithelial maturation or differentiation defect and 
can be caused by a variety of stimuli among which are potent chemical 
carcinogens like 4NQO. There are no indications that carcinogen induced FAD 
is related to the subsequent development of malignancy. 61•67 
Clinical and histological evaluation of premalignant oral epithelial lesions is 
difficult.68 Attempts have been made to develop objective methods for histological 
scoring of oral epithelial dysplasia. A useful method is the one introduced by 
Smith and Pindborg. 69 This method provides a numerical score or epithelial 
atypia index (EAI) for the dysplastic lesion. In this method 13 histological 
features of epithelial atypia are evaluated. Each of these features is graded into a 
category of severity (none, slight or marked) using a set of photographic 
standards. Each category carries a weighted score. The epithelial atypia index is 
the sum of these 13 scores up to a maximum possible EAI of 75. When this 
scoring method is applied to the 4NQO rat palate model the mean atypia indices 
showed a gradual increase up to a maximum of 17-22 at 28-32 weeks.61 Neverthe­
less, a well established relation between morphological and histological changes 
during repeated 4NQO application at the rat palate is lacking. The EAI scoring 
method could provide a better understanding of the occurrence of epithelial 
dysplasia as a function of 4NQO application time, and by using this method a 
comparison can be made between the morphological changes during 4NQO 
application and the histological alterations. 
Metastases 
A difference of the 4NQO rat palate model as compared to the human 
counterpart is that in the rat model lymph node metastasis is not a prominent 
feature. Fisker et al. ss described a regional metastasis to a cervical lymph node 
from a moderately differentiated squamous cell carcinoma located on the gingiva 
of the upper jaw. In other studies reported in the literature it is unclear whether 
there are no metastases or that they were not looked for. None of the studies 
reported histopathological examination of the lymph nodes of the head and neck 
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area of the rats. In the hamster buccal pouch model using DMBA as the 
carcinogen, however, it has been shown that cervical lymph node metastases can 
occur after extending the duration of the tumor-bearing period. This can be 
accomplished by surgical reduction of the tumor volume while the tumors are 
still small, which allows the development of more deeply invasive tumors.70 
Perhaps this phenomenon can also be achieved in the rat palate model using 
4NQO, but this has not yet been described. 
APPLICATIONS OF THE 4NQ0 MODEL 
The 4NQO palate model of premalignant lesions and squamous cell carcinoma 
of the rat palatal mucosa has been used in several studies concerning various 
aspects of experimental oral carcinogenesis, among others histomorphometric 
epithelial analysis,20•71•72 cell population kinetics,63 cellular lipid content,73•74 
Glucose-6-phosphate dehydrogenase activity,53 immune response,3 1.75•76 blood 
group antigen staining pattern, 77•78 and nutritional influences. 56•62•79 
CONCLUSIONS 
From the literature it can be concluded that the rat palate model of 4NQO­
induced premalignant lesions and squamous cell carcinoma of the oral mucosa is 
applicable to study various aspects of oral oncology. Especially the 4NQO­
induced premalignant stages of the oral epithelium add additional value to this 
model when compared to other animal models. The model may be applicable to 
study and evaluate oncological treatment modalities for both premalignant 
epithelial lesions and squamous cell carcinomas of the oral mucosa. Current 
drawbacks of this model are the lack of a well established time-course relation for 
4NQO application and the occurrence of epithelial changes. Furthermore, a 
comparison of the 4NQO-induced epithelial dysplasia to human epithelial 
dysplasia is needed. 
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ABSTRACT 
The carcinogen 4-Nitroquinoline-1-oxide (4NQO) has been used in several studies 
concerning experimental oral carcinogenesis to induce squamous cell carcinoma 
in the palatal mucosa of rats, while limited attention has been paid to preceding 
premalignant mucosal changes. The aim of this study was to describe the 
macroscopic and microscopic changes of the rat palatal mucosa treated with 
4NQO as a function of the application time of this carcinogen. 
4NQO was applied to the palatal mucosa of male Wistar rats three times a 
week for 2-26 weeks. The epithelial atypia index (EAI) was used to quantify the 
degree of dysplasia induced by the application of 4NQO for various time 
intervals. 
This study shows that the EAI increases as a function of the application time. 
As soon as two weeks following application of the carcinogen, dysplastic 
alterations in the mucosa were observed. The extent and grade of the dysplastic 
changes increased with time. At week 26, squamous cell carcinoma developed. In 
rats in which the application of 4NQO was discontinued earlier, the application 
period appeared to be in inverse proportion to the latency period, i.e. the period 
between the last application of the carcinogen and the first clinical sign of 
squamous cell carcinoma. This emphasizes the premalignant character of the 
induced epithelial changes, because in all the rats squamous cell carcinoma 
eventually developed. 
From this study, we concluded that the 4NQO rat palate model is a proper 
model in which both premalignant epithelial lesions and squamous cell carcinoma 
of the oral mucosa can be studied. 
INTRODUCTION 
Malignant solid tumors can be obtained from an animal model either by 
transplantation of tumor cells to the animal or by induction of tumor growth 
using a chemical carcinogen. To study treatment modalities for premalignant 
epithelial lesions and squamous cell carcinoma of the oral mucosa, a chemically 
induced squamous cell tumor is probably the most suitable model. A major 
advantage of chemically induced epithelial tumors, compared to transplanted 
tumors, is that both tumors and their premalignant stages can be studied. Induced 
tumors can be induced at sites that have a human counterpart. In such a setting, 
the interaction between tumor and surrounding normal oral tissues, such as bone 
and dentition, can also be studied. 
A frequently used model of oral squamous cell carcinoma is the 4-Nitro­
quinoline-1-oxide (4NQO) model originally described by Wallenius and 
Lekholm. 35 In this model, repeated applications of the water-soluble carcinogen 
4NQO to the rat palate induces epithelial dysplasia and ultimately highly 
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differentiated squamous cell carcinomas. Although the 4NQO model is not a new 
model of induced dysplastic changes and squamous cell carcinoma of the rat 
palate, it lacks the description of a well-established relationship between histologic 
features of epithelial dysplasia and time of application of the carcino­
gen.JJ·53-55.57•63·65·79-83 Most studies are purely descriptive. The diagnosis of premalig-
nant epithelial changes relies on the subjective interpretation of a number of 
histologic features collectively termed epithelial dysplasia. 68·8 1 To provide more 
consistency in the interpretation of epithelial dysplasia, Smith and Pindborg69 
described the Epithelial Atypia Index (EAI) which scores 13 individual features 
of epithelial dysplasia using photographic standards with a grading system that 
numerically expresses the severity of dysplasia as an atypia score. In two 
studies79·81 it has been shown that the EAI is appropriate to classify the 
premalignant changes of the rat palate. However, in these studies the premalig­
nant epithelial alterations were described at rather long intervals, i.e. once a 
month,81 or after 8 and 14 weeks of 4NQO application.79 No studies have used 
the EAI to quantify the degree of dysplasia at regular two week intervals during 
4NQO application. Furthermore, the literature concerning macroscopic and 
microscopic changes induced by the 4NQO is conflicting. Some authors reported 
macroscopic changes during the first week of application,33·54·5"63·80 while others 
did not describe macroscopic or microscopic changes before the eighth week of 
application. Therefore, the aims of this study are to describe the macroscopic and 
microscopic changes of the rat palatal mucosa treated with 4NQO as a function 
of time of application of this carcinogen, to quantify the progression and degree 
of epithelial dysplasia induced by different periods of application of the 4NQO 
quantified by means of the epithelial atypia index at two week intervals, and to 
verify that the 4NQO induced epithelial changes were really premalignant in 
nature. A thorough description and quantification of macroscopic and microscop­
ic changes of the palatal mucosa following 4NQO application is needed before 
this model can be used to study new treatment modalities for dysplastic lesions 
and squamous cell carcinoma of the oral mucosa. 
MATERIALS AND METHODS 
Animals 
Sixty male Wistar rats were used. The rats were 6 weeks old at the onset of the 
experiment and had a mean weight of 127 g (SD± 13). They were housed in 
Macrolon cages with stainless steel covers with a maximum of six rats per cage. 
A day-night cycle of 12:12 hours was maintained and the rats were fed with 
standard rat pellets. The room temperature was controlled at 20°C and the mean 
humidity was 55%. Tap water was available ad libitum. 
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All experiments were performed in agreement with the Netherlands Experiments 
on Animal Act (1977) and the European Convention for the Protection of 
Vertebrate Animals used for Experimental Purposes (Strasbourg, 18.III.1986). 
Approval was obtained from the University Animal Experiments Committee 
(FDC-0472). 
Tumor induction 
The water-soluble carcinogen 4-Nitroquinoline-1-oxide (4NQO) (Sigma, USA), 
0.5% w/v in propylene glycol, was applied to the palatal mucosa of the rats three 
times a week following a standardized procedure. Briefly, a rat was anaesthetized 
with a mixture of nitrous oxide, oxygen and HalothaneR (5%) in a closed perspex 
box. The N20/02 ratio was 2:3 by volume. The oral cavity was swabbed dry 
with a cotton bud, whereafter the carcinogen was applied to the palate with a 
small brush in a single-stroke rotating movement. The amount of 4NQO applied 
to the palate was comparable to the amount reported by other investigators, i.e. 
approximately 0.15 mg per application.35•53-55 The first two hours following 
application of the 4NQO, drinking water was withdrawn from the cages to 
minimize a diluting effect of the carcinogen. 
Experimental design 
Eight rats were left untreated, but weighed every week to compare their body 
weight with the experimental rats in which 4NQO was applied. These untreated 
rats were also screened for the spontaneous development of tumors of the oral 
mucosa. 
Fiftytwo rats were used for tumor induction. Every two weeks, three rats 
were killed for histologic examination of the palatal mucosa ('4NQO rats') and 
in one rat the application of 4NQO was stopped ('follow-up' rat). The 'follow­
up' rat was kept alive and weekly examined until macroscopic tumor tissue at the 
palatal mucosa was observed. When macroscopic tumor was detected, the 'follow­
up' rat was sacrificed for histologic examination. The 'follow-up' rats served to 
discriminate the (pre) malignant nature of the chemically induced macroscopic 
changes from non-neoplastic alterations of the rat palatal mucosa, and to describe 
the dose-response relation between 4NQO application periods and the latency 
periods before tumors occurred on the palatal mucosa. Rats were killed under 
N20/0/Halothane anaesthesia by an intracardial injection of 1 ml sodium 
pentobarbital 5%. Subsequently, the palate (including the palatal mucosa, 
underlying palatal bone, nasal and paranasal sinus, the dentition, and part of the 
surrounding buccal and soft palate mucosa) was dissected. Specimens were 
photographed in a standardized way for macroscopic examination. The dissected 
specimens were fixed in 4% formalin and decalcified in 25% formic acid and 
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Fig. 1.  Macroscopy of untreated control rats and 4NQO treated rats (same rats as Fig. 3). 
a.) Macroscopic appearance of the normal mucosa of the palate of a 12 weeks old male Wistar 
rat. {arrowhead indicates anterior site, M = molar) . 
b.) The intermolar area after 8 weeks of 4NQO application. Compared to the normal mucosa 
no remarkable macroscopic changes are seen. 
c.) Appearance of the intermolar area after 20 weeks of 4NQO application. The mucosa shows 
a severe loss of definition of the rugal architecture and many papillary growths can be noticed. 
d.) Exophytic growing tumor at the palatal mucosa, infiltrating between the molars, after 26 
weeks of 4NQO application. 
0.34 M trisodium-citrate-dihydrate for approximately four weeks. The degree of 
decalcification was analysed by X-ray. After demineralization, the specimens were 
routinely processed and paraffin embedded. Histologic sections (7 µm) were cut 
in a sagittal plane with a microtome (Reichert-Jung, Frigo-cut 2800). Sections 
were cut in an area in front of the first molar, through the first, second and third 
molar and behind the third molar. Approximately ten sections per area were cut, 
so that about 50 sections per rat were available for histologic examination. The 
sections were stained with hematoxylin and eosin. 
Histological scoring method 
The epithelial atypia index (EA.I) of Smith and Pindborg69 was used to score oral 
epithelial dysplasia. This index involves evaluation of 13  histologic features, each 
of which is graded in three weighted categories of severity (none, slight or 
marked). The EAI is the sum of these 13 weighted scores, with a maximum of 
75. All sections were blinded and scored in a random order by two observers 
(PGJN and JMN). The histologic features scored in the EAI were: (1) drop­
shaped rete ridges, (2) irregular epithelial stratification, (3) keratinization of cells 
below the keratinized layer, (4) basal cell hyperplasia, (5) loss of intercellular 
adherence, (6) loss of polarity, (7) hyperchromatic nuclei, (8) increased nuclear­
cytoplasmatic ratio (increased density in basal and prickle cell layers), (9) 
anisocytosis and anisonucleosis, (10) pleomorphic cells and nuclei, (11)  mitotic 
activity, (12) level of mitotic activity and (13) presence of bizarre mitoses. Of each 
rat, the section with the highest atypia index score was used. 
RESULTS 
None of the rats died spontaneously during the experimental period. All animals 
appeared to be in good health until macroscopic tumors appeared on the palatal 
mucosa. This was consistent with the increase of their body weight until the 22nd 
week of 4NQO application compared to the weights of untreated rats. Their 
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physical mobility was unaffected and the rats had a good fur luster. Due to 
masticatory and swallowing difficulties as a result of severe 4NQO-induced 
alterations of the palatal mucosa the body weight of the 4NQO rats decreased 
after the 22nd week of application and their general health declined. 
Macroscopic observations 
Normal rats 
The normal palate of the rat (Fig. la) can be divided into four distinct anatomic 
areas: (1) the area between the incisors and incisal papilla. (2) the area anterior to 
molars. This area contains three pronounced transversely running rugae. The 
most anterior ruga is in the midline often fused with the posterior part of the 
incisal papilla. (3) the intermolar area. This area bears four or five smaller and less 
prominent minor rugae which cross the hard palate transversely in a M-shaped 
form. These rugae are covered with closely packed papillae. Between these rugae 
the intermolar palatal mucosa has a smooth appearance. (4) the postrugal field. 
This area contains the boundary between the hard and the soft palate, which is 
formed by a transverse terminal ridge. In the untreated rats, no spontaneous 
tumors developed at the palatal mucosa or other mucosa! surfaces of the mouth. 
4NQO rats 
Up to the eighth week of 4NQO application, no macroscopic changes were 
observed on the palatal mucosa. At week eight, a slight change of the color of the 
palate to a more whitish hue was detected, due to increased keratinization and 
mild thickening of the midpalatal and gingival areas of the palatal mucosa. The 
topography of the palatal rugae was hardly disturbed (Fig. lb). From week 10, 
the whitish thickening of the palatal mucosa increased and a slight loss of 
definition of the palatal architecture was observed. The early loss of definition 
showed as short ridges and papillary growths all over the palatal mucosa, but the 
rugal topography was still detectable. As the 4NQO applications continued, 
gradually the whole palatal mucosa showed macroscopic changes and a severe loss 
of definition of the rugal aspect as can be noticed e.g. at twenty weeks (Fig. le) .  
At week 26, exophytic growing epithelial lesions were observed in all 4NQO 
treated animals. These exophytic growing lesions were most pronounced in the 
gingival areas of the palatal mucosa and appeared to be squamous cell carcinomas. 
The tumors seemed to infiltrate between the molar teeth, causing mobility and 
displacement of the molars (Fig. ld). On the external body surfaces of the rats, 
no signs of metastases and no swellings of the regional lymph nodes were 
observed. 
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Development of squamous cell carcinomas was also occasionally observed at the 
tongue, mostly at the tubercle region of the dorsum of the tongue. Tongue 
tumors appeared as nodular white infiltrating swellings with a tendency to 
ulcerate. They extended to the posterior third of the tongue and infiltrated deep 
into the base of the tongue. The increase in the size of the tongue resulted in 
breathing difficulties and a decreasing body weight due to malnutrition. Because 
this experiment was designed to study the effect of 4NQO on the palate, and the 
development of tongue tumors must be considered a side effect of the well­
defined application of 4NQO at the palate, these tongue tumors were not 
included in this study. 
Follow up rats 
Rats withdrawn from further 4NQO applications all developed exophytic 
growing tumors at the palatal mucosa after various latency periods (Fig. 2). Short 
application periods were followed by long latency periods before tumors 
appeared. Application of 4NQO for only two weeks resulted in tumor growth 
at the palatal mucosa. As in the 4NQO treated rats, development of squamous 
cell carcinoma was observed at the dorsum of the tongue in the follow-up rats. 
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Fig. 2. Latency period as a function of the 4NQO application period in the follow 
up rats. 4NQO was applied three times a week for maximal 26 weeks. Every second 
week application of the carcinogen was stopped in one rat. This rat was kept alive 
until macroscopic tumor developed. It is found that short application periods are 





The normal healthy epithelium of the rat hard palate is an orthokeratinized 
stratified squamous cell epithelium. The epithelium is composed of 15-20 cell 
layers with many shallow and blunt rete ridges and can be divided into a basal 
cell layer, spinous cell layer, granular cell layer, and orthokeratinized layer (Fig. 
3a). The epithelial stratification of the rat palatal mucosa is similar to human oral 
epithelium. However, normal human oral epithelium is not so heavily keratin­
ized. 
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4NQO rats 
Notable epithelial changes were observed after only two weeks of application of 
4NQO. The initial changes were a slightly increased nucleo-cytoplasmatic ratio, 
a slight increase in anisocytosis and anisonucleosis, and a slightly increased 
presence of drop-shaped rete ridges and pleomorphic cells. The EAis of the 
palatal mucosa of the 4NQO treated rats are shown in Fig. 4. The EAI showed 
a gradual increase from a minimum of 4 (at week 2) up to a maximum of 42 (at 
week 26). Although after 8 weeks of carcinogen application no alterations were 
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Fig. 3. Microscopy of untreated control rats and 4NQO treated rats (same rats as Fig. 1). 
a.) Histology of the normal palatal mucosa of the rat. The mucosa can be divided into a basal 
cell, spinous cell, granular cell and orthokeratinized layer. This stratification is comparable to 
that of human oral epithelium (HE, 140x). b.) After 8 weeks of 4NQO application basal cell 
hyperplasia and a slight increase of the irregularity of the rete ridges are the first signs of 
dysplastic changes of this epithelium (HE, 140x). c.) Histological appearance of the epithelium 
after 20 weeks of 4NQO application. Note the keratin pearl formation in the deeper layers of 
the epithelium. (k=keratin pearl in the epithelium). Furthermore bridging of the rete ridges is 
seen (b=bridging) and a marked increase in the epithelial thickness (HE, 140x). d.) Microscopy 
of a highly differentiated squamous cell carcinoma {t) of the palatal mucosa, infiltrating in 
surrounding structures with destruction of the palatal bone (p), and displacement of molar teeth 
(m). (HE, 56x). 
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macroscopically seen, notable changes were microscopically observed (Fig. 3b). 
In Fig. 3c the microscopic appearance of the mucosa after 20 weeks of application 
of 4NQO is depicted. A highly differentiated squamous cell carcinoma with 
excessive keratin formation and destruction of the palatal bone is shown in Fig. 
3d. Except for hyperchromatic nuclei and the presence of bizarre mitoses all 
other histologic features of epithelial dysplasia were present. Almost all the 
histological features show a gradual increase as a function of time of application 
of the 4NQO, both in number and in severity from none to slight to severe 
changes. In none of the cases were inflammatory reactions present. 
Follow up rats 
The histologic appearance of the tumors in these animals is the same as that at 
week 26 in the 4NQO rats: highly differentiated squamous cell carcinomas with 
keratin formation, infiltrating the surrounding tissues and causing destruction of 
palatal bone. In other pans of the epithelium many features of epithelial dysplasia 
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Fig. 4. Trend curve of the epithelial atypia indices {EA!) as a function of the 
4NQO application time. The EAi shows an increase proportional to the duration 
of the application of 4NQO. A minimum EAi of 4 (at week 2) and a maximum 
EAi of 42 (at week 26) was found. 
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DISCUSSION 
Several animal models are known for chemically induced squamous cell 
carcinoma of the oral mucosa.26•35•84•85 The most widely studied is the chemically 
induced squamous cell carcinoma of the hamster buccal pouch. 26 In this model 
well differentiated squamous cell carcinomas are induced by application of the fat­
soluble carcinogen 9,10-dimethyl-l,2-benzanthracene (DMBA) to the buccal pouch 
of the Syrian hamster. Major drawbacks of this model are the questionable 
intraoral nature of the buccal pouch and the fact that this tissue is not subjected 
to an environment usually found in the oral cavity. DMBA-induced tumors of 
the hamster buccal pouch seem to develop from papillomas, which is not a 
common feature in humans. Furthermore, the cheek pouch has no anatomic 
counterpart in humans, its epithelium is considerably thinner than human oral 
mucosa and the pouch is immunologically protected, as it accepts allogeneic grafts 
of both normal and neoplastic tissues. 29•34•86 A model of oral squamous cell 
carcinoma, which might overcome some of the drawbacks of the hamster buccal 
pouch model, is the 4NQO model originally described by Wallenius and 
Lekholm.35 
Carcinogenesis is generally believed to be at least a two-stage process involving 
the initiation of a normal cell to a potential cancer cell and the promotion of 
these initiated cells into cells that replicate to yield gross tumors.34 Chemicals 
considered to be carcinogenic must have both initiating and promoting activity, 
either directly or through one or more active metabolites. Such chemicals are 
called complete carcinogens. One of the complete carcinogens, 4NQO, is capable 
of producing base-pair mutations, deletion mutations and mitotic gene conver­
sion, and chromosome aberrations. Protogenes and/ or tumor suppression genes 
located to rat chromosomes 3 and 12 may control tumor cell differentiation in 
the 4NQO model.52 
The present study was designed to evaluate the development of epithelial 
dysplasia and squamous cell carcinoma of the palatal mucosa in groups of rats 
exposed to a repeated application of the water soluble carcinogen 4NQO in 
detail. It has been shown that repeated application of the carcinogen 4NQO to 
the hard palate of the rat was able to induce squamous cell carcinomas in all 
animals within 5-7 months.33•35•54•55•57•65•79 Although the 4NQO rat palate model has 
been the subject of many investigations, minor attention has been paid to the 
histologic features and development of premalignant alterations of the epithelium 
which precede the development of squamous cell carcinoma. 81•86 The results of 
this study clearly show that repeated applications of 4NQO to the rat palatal 
mucosa induce different stages of epithelial dysplasia before squamous cell 
carcinoma can be noted. These induced premalignant changes have both 
macroscopic and microscopic characteristics comparable to those observed in 
humans. Analysis of human and rat epithelial dysplasia showed that cases with 
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the same or nearly the same EAI scores showed a similar combination of 
histologic features. B7 In the present study it was shown that short periods of 
application of the carcinogen 4NQO result in the induction of squamous cell 
carcinoma and that the development of these tumors can be accelerated by 
prolonged application periods. 
Clinical and histologic evaluation of premalignant oral epithelial lesions is 
difficult and subjective.6B Attempts have been made to develop objective methods 
for histologic scoring of oral epithelial dysplasia. Smith and Pindborg69 developed 
the EAI which provides more consistency in the interpretation and quantification 
of epithelial dysplasia. Therefore, the whole palatal mucosa of the 4NQO treated 
rats was investigated histologically, and the section with the highest EAI was used 
in this study. This in contrast to the human situation where normally only 
incisional biopsies can be evaluated. Prime et af.B l showed a gradual increase of 
the EAI up to a maximum value of 22 after 28 weeks of application of the 
4NQO. The difference was significant in the EAI for rats painted for 28, 32 and 
36 weeks compared with rats painted with 4NQO for only 4 or 8 weeks. 
However, the time interval at which the EAis were scored was twice as long as 
in our study. In their study the EAI for rats treated with the solvent propylene 
glycol only or untreated rats remained zero, thus indicating a total absence of 
epithelial dysplasia. Our findings are comparable with those of Prime et al. Bl 
although our maximum EAI values are almost twice as high. We cannot explain 
the observed difference between both studies other than that in our study we 
used a different strain of rats and drinking water was withdrawn for the first two 
hours following 4NQO application. We could not confirm the observation of 
Prime et al. Bl that after 32 weeks of 4NQO application the EAI remained at the 
same level or even decreased. In our study all the rats showed squamous cell 
carcinoma at 26 weeks of 4NQO application and had to be terminated because 
of detoriation of their general health. 
Comparable with the findings of Svensson et al. 57 we found that dysplastic 
features of the epithelium could be noted in the absence of macroscopic changes 
of the mucosa. Especially during the first eight weeks of 4NQO application, no 
macroscopic changes were seen, whereas the EAI already showed signs of 
dysplasia. 
When a strong carcinogen is applied to a sensitive organ in decreasing doses, 
a prolongation of the period before tumors develop can be noticed and the final 
tumor incidence will decrease. When comparing the application period of the 
carcinogen with the latency period before tumors appeared, we found that short 
application periods were followed by long latency periods and vice versa. Fisker 
et al. 55 showed that even two applications of 4NQO were enough to produce a 
25% tumor rate after 30 months. Svensson et al. 57 also observed that short 
application periods (1-6 weeks) were followed by prolonged latency periods (51-80 
weeks) . Long application periods (more than 12 weeks), however, induced tumors 
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after relatively short latency periods (8-21 weeks). Furthermore, they found that 
the total experimental period (application and latency period) for rats treated with 
the carcinogen for over 12 weeks was frequently half of those treated for 1-6 
weeks. As few as 3 single applications of 4NQO were capable to induce 
squamous cell carcinoma after a mean latency period of 80 weeks. These and our 
data support the irreversible, premalignant nature of the 4NQO-induced epithelial 
changes. 
Wallenius and Lekholm35 described the occurrence of tongue carcinomas in 
about 75% of the animals studied. The occurrence of tongue carcinomas is 
probably related to the close contact between the palate and the dorsum of the 
tongue. A depression of the mucosa! surface at the tubercle of the dorsum of the 
tongue prolongs the retention time of the carcinogen in this region. Histological­
ly these tongue tumors are comparable with those found on the palatal mucosa. 
The size of these tongue tumors eventually can cause problems in masticatory 
functions and breathing. 
Focal acantholytic dyskeratosis (FAD) is a feature that can be found in the 
epithelium of rat palatal mucosa treated with 4NQO. We also observed this 
phenomenon. There is no convincing evidence that 4NQO induced FAD is 
related to the development of malignant epithelial lesions or that FAD can be 
regarded as an early premalignant feature. 66•81•82 FAD probably represents a 
(chemically) induced epithelial maturation or differentiation defect. 
Although the 4NQO rat palate model has proved to be useful in a variety of 
studies, it has certain differences when compared to the development of human 
oral squamous cell carcinoma. The induced squamous cell carcinomas in the 
4NQO model tend to be highly differentiated, whereas their human counterparts 
are usually less differentiated and clinically more aggressive. Human squamous 
cell carcinomas have a tendency to metastasize to regional lymph nodes. Fisker 
et al.55 reported only one case of local metastasis to a cervical lymph node in the 
4NQO model. Although perineural spread of tumor can be noted in the 4NQO 
model,80 it does not seem to be a prominent feature, whereas perineural growth 
is not uncommon in human oral squamous cell carcinoma. Squamous cell 
carcinomas in the 4NQO model seem to be multi focal confluent lesions related 
to the whole 4NQO treated area. Human squamous cell carcinoma of the oral 
cavity is usually not multifocal. However, when the histologic characteristics of 
the 4NQO rat palate model are compared with human oral epithelial dysplasia, 
it was found that these chemically induced lesions closely resembled epithelial 
dysplasia of the human oral mucosa. 87 
Thus, the 4NQO rat palate model provides a proper model to study oral 
squamous cell carcinoma and is well suited to study premalignant epithelial 
changes of the oral mucosa. The model is suitable to study new treatment 
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.ABSTRACT 
Epithelial dysplasia in the rat palatal mucosa was induced by thrice weekly 
application of the carcinogen 4-Nitroquinoline-1-oxide (4NQO). With the 
Epithelial Atypia Index (EAI), the successive stages of 4NQO-induced epithelial 
dysplasia were compared with specimens of human oral epithelial dysplasia. It 
appeared that there was a close similarity between the histological features of 
4NQO-induced dysplasia in the rat palatal mucosa and human oral epithelial 
dysplasia. Thus, the 4NQO rat palate model seems to be appropriate to study and 
assess new treatment modalities of premalignant epithelial lesions of the oral 
mucosa m man. 
INTRODUCTION 
The aim of studying chemical carcinogenesis is to investigate carcinogenic 
mechanisms, to prevent hazards caused by chemicals in the environment and to 
provide animal models for research on cancer treatment. 34 A model of oral cancer 
can be used to study pathogenesis, to assess diagnostic and prognostic criteria, and 
to investigate new treatment modalities. 
The most widely studied oral epithelial tumor model is the experimental 
squamous cell carcinoma of the hamster buccal pouch with 9,10-dimethyl-
1 ,2-benzanthracene (DMBA) as the carcinogen.28 Hamster buccal (cheek) pouch 
lesions and human lesions seem to be very similar in histological features of 
dysplasia.88 Nevertheless, several authors regard the DMBA hamster buccal pouch 
model as non-representative of oral carcinogenesis. 19•20•29•31•33•88 The major 
objections are the following: 1) the hamster buccal pouch is not subject to the 
environmental influences usually present in the oral cavity; 2) the cheek pouch 
has no anatomic counterpart in man; 3) the cheek pouch epithelium is consider­
ably thinner than in the other parts of the oral mucosa; 4) the hamster buccal 
pouch is an immunologically privileged site, because it accepts allogeneic grafts 
of both normal and neoplastic tissues; and 5) DMBA-induced tumors of the 
hamster buccal pouch seem to progress from papillomas, an uncommon feature 
in man. A more realistic animal model for oral carcinogenesis should reveal 
histologic and immunologic characteristics similar to the human counterpart. 19 A 
model that probably closely meets these characteristics is the rat palate model, in 
which successive stages of epithelial dysplasia and invasive squamous cell 
carcinoma are induced by repeated applications of the carcinogen 4-Nitro­
quinoline-1-oxide (4NQO), originally described by Wallenius and Lekholm.35 
This study compared the histologic characteristics of 4NQO-induced epithelial 
dysplasia of the rat palatal mucosa with dysplastic lesions of human oral 
epithelium, in order to ascertain the applicability of the 4NQO model to the 
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study of new treatment modalities of premalignant lesions and squamous cell 
carcinoma of the oral mucosa. 
MATERIALS AND METHODS 
Human epithelial dysplasia 
Twenty-four specimens of human oral epithelial dysplasia were included in this 
study. Specimens were obtained from the Departments of Oral and Maxillofacial 
Surgery and Pathology of the University Hospital Groningen, The Netherlands. 
The histologic material originated from 10 male and 14 female patients. Their 
ages ranged from 35 to 83 years (mean 65 years, median 71 years). Seven 
epithelial lesions were located in the cheek or buccal sulcus, six at the gingiva or 
the edentulous alveolar ridge, seven on the tongue, and the remaining four on the 
mucosa of the floor of the mouth. 
Animal model 
Epithelial dysplasia was induced in the palatal mucosa of twenty-four male Wistar 
rats by local application of the carcinogen 4-Nitroquinoline-1-oxide (4NQO) 0,5% 
w/v, dissolved in propylene glycol, three times a week. After 12 weeks of 4NQO 
application, every second week three rats were killed for histological examination. 
Meanwhile, the application of the 4NQO to the remaining rats was continued. 
The last rats were killed 26 weeks after the start of the 4NQO application period. 
The palatal mucosa including the underlying palatal bone was dissected. The 
removed palates were fixed in 4% w/v formalin and, after decalcification, 
routinely processed and paraffin embedded. Histological slides of seven µm were 
cut and stained with hematoxylin and eosin. 
Histological scoring method 
The Epithelial Atypia Index (EAI) of Smith and Pindborg69 was used to score oral 
epithelial dysplasia. This method assigns a numeric score to 13 histologic features 
of epithelial dysplasia. Each feature is graded into a category of severity (none, 
slight or marked) and each category carries a weighted score. The EAI is the sum 
of these 13 scores up to a maximum of 75. The histological features which are 
scored in the EAI are as follows: 1) drop shaped rete ridges, 2) irregular epithelial 
stratification, 3) keratinization of cells below the keratinized layer, 4) basal cell 
hyperplasia, 5) loss of intercellular adherence, 6) loss of polarity, 7) hyperchro­
matic nuclei, 8) increased nuclear-cytoplasmatic ratio (increased density in basal 
and pricklecell layers), 9) anisocytosis and anisonucleosis, 10) pleomorphic cells 
and nuclei, 1 1) mitotic activity, 12) level of mitotic activity, and 13) presence of 
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bizarre mitoses. All available histologic slides of each case were examined. For 
each human or rat specimen, the section with the highest EAI score was used for 
comparison of the histological features. 
Statistical analysis 
For comparison of the 4NQO-induced dysplastic lesions with human dysplasia, 
both the 4NQO-induced and human EAI were ranked in ascending order. The 
Mann-Whitney U test was used to confirm that the distribution of the atypia 
indices of the rat specimens was comparable with those of the human specimens. 
For comparison of epithelial atypia of human and rat specimens, differences in 
the distribution of the three grades of severity (none, slight, or marked) for each 
of the 13 histologic atypia features, were tested for significance with the Chi­
squared test. In case of the occurrence of cells with an expected frequency of less 
than five in the Chi-squared test, 2x2 contingency tables were used in stead of 3x2 
tables. These 2x2 contingency tables were made for the combinations of the 
grades of severity none+slight in contrast to marked, and none in contrast to 
slight+ marked. 
RESULTS 
The normal epithelium of the rat hard palate is an orthokeratinized, stratified 
squamous cell epithelium (Fig. 1). The epithelium is composed of 15-20 cell layers 
with many shallow and blunt rete ridges. A basal cell layer, a spinous cell layer, 
a granular cell layer, and a orthokeratinized layer are present. This stratification 
is comparable with that of normal human oral epithelium. 
Application of 4NQO initially resulted in a slight whitening of the palate and a 
mild thickening of the palatal mucosa. Initially, the topography of the palatal 
rugae was hardly disturbed. As 4NQO application commenced, this whitish 
thickening of the mucosa increased, and a slight loss of definition of the palatal 
architecture was observed. The early loss of definition showed as short ridges of 
the palatal mucosa, but the rugal topography was still detectable. As the 4NQO 
applications continued, gradually the whole palatal mucosa showed macroscopic 
changes. At week 26, exophytic growing epithelial lesions were observed in all 
rats. These exophytic lesions were most pronounced in the gingival areas of the 
palatal mucosa. In the 4NQO-induced lesions of the rat palatal mucosa (Figs. 2 
and 3) the EAI's ranged from 7 to 42. In the human specimens (Figs. 4-6) the 
EAI's ranged from 9 to 57. Fig. 7 depicts the epithelial atypia indices of human 
and rat specimens, both ranked in ascending order. The distribution of the 
epithelial atypia index of the rat and human specimens was found to be 
comparable (Mann-Whitney U test: U = 223.5; p > 0.05). This allowed comparison 
of the 13 histological features of epithelial atypia of human and rat specimens. 
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Fig. 1. Microscopic appearance of the normal palatal mucosa of rat. Stratification 
of epithelium is similar to that of normal human oral epithelium (HE, 140x). 
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Fig. 2. Histologic appearance of rat palatal epithelium after 8 weeks of 4NQO 
induced dysplasia. EAI was 7. Already slight increase of drop-shaped rete ridges and 
single dyskeratotic cells below the keratinized layer were seen (HE, 140x). 
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Except for hyperchromatic nuclei and the presence of bizarre mitoses all 
histological features of epithelial dysplasia were observed in the rat specimens. In 
the human specimens all 13 histologic features of epithelial dysplasia contributed 
to the EAI. 
It was found that in both human and rat specimens with increasing EAI 
numbers, these numbers represented not only more contributing histological 
features, but also by increase of severity of a histological feature. In comparison 
of the histologic none+slight grades with the marked grades, no significant 
differences {p > 0.01) were observed in 9/13 histologic features (Table 1). 
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Fig. 3. After 20 weeks 4NQO application, EAI of this 
specimen was measured as 22. Note marked elongation and 
irregular shape of rete ridges, pronounced dyskeratosis 
with keratin pearl formation, and loss of cellular adher­
ence. Furthermore, although not clearly visible at this 
magnification, increased loss of polarity, nucleo-cyto­
plasmatic ratio, anisocytosis and anisonucleosis, and 
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Fig. 4. Microscopic appearance of normal human oral epithelium (HE, 140x). 
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Fig. 5. Histological appearance of human specimen of epithelial dysplasia with EA! 
of 9. Note slight.increase of drop-shaped rete ridges, basal cell hyperplasia and loss 
of polarity (HE, 140x). 
Comparison of epithelial dysplasia 
Fig. 6. Dyskeratosis below level of keratinized layer, basal cell hyperplasia and 
especially loss of polarity was found in this specimen of human epithelial dysplasia. 
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Fig. 7. Distribution of epithelial atypia indices (EAi) of human and rat specimens, 
ranked in ascending EAI order. 
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Table I. Overview of features of epithelial atypia of 4NQO rat palate model and human lesions. 
Comparison of grades none+slight and marked, and representation of cases with significant 
difference between rat and human material for p < 0.01. 
4NQO MODEL HUMAN 
Feature of epithelial atypia None + None + Significance 
Slight Marked Slight Marked 
Drop-shaped rete ridges 5 19 17 7 p =0.0014 
2 Irregular epithelial 8 16 20 4 p=0.0013 
stratification 
3 Keratinization of cells 7 17 19 5 p =0.0014 
below keratinized layer 
4 Basal cell hyperplasia 22 2 22 2 NS 
5 Loss of intercellular 13 1 1  24 0 p =0.0006 
adherence 
6 Loss of polarity 22 2 20 4 NS 
7 Hyperchromatic nuclei 24 0 24 0 NS 
8 Increased nucleo- 19 5 23 1 NS 
cytoplasmatic ratio 
9 Anisocytosis and 21 3 22 2 NS 
anisonucleosis 
10 Pleiomorphic cells 23 1 19 5 NS 
and nuclei 
1 1  Mitotic activity 24 0 18  6 NS 
12 Level of mitotic activity 24 0 23 1 NS 
13 Presence of bizarre mitoses 24 0 20 4 NS 
NS =Not significant 
Significant differences existed for the features drop-shaped rete ridges (x2= 10.1 5, 
df= l , p=0.0014), irregular epithelial stratification (x2= 10.37, df= l ,  p=0.0013), 
keratinization of cells below the keratinized layer (x2= 10.15, df= l ,  p =0.0014), 
and loss of intercellular adherence (x2= 1 1 .79, elf= 1, p=0.0006). In comparison of 
the histologic none grades with the slight+ marked grades, no significant 
differences (p > 0.01) were found in 1 1/13 histologic features (Table II). Only the 
features irregular epithelial stratification (x2= 8.75, df= l,  p=0.003 1) and loss of 
intercellular adherence (x2- 10.37, df= l,  p =0.0013) showed a significant 
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Table II. Overview of features of epithelial atypia of 4NQO rat palate model and human lesions. 
Comparison of grades none and slight+ marked, and representation of cases with significant 
difference between rat and human material for p < 0.01. 
4NQO MODEL HUMAN 
Feature of epithelial atypia Slight + Slight + Significance None Marked None Marked 
Drop-shaped rete ridges 0 24 6 1 8  NS 
2 Irregular epithelial 0 24 9 15  p=0.0031 
stratification 
3 Keratinization of cells 1 23 6 18  NS 
below keratinized layer 
4 Basal cell hyperplasia 2 22 1 23 NS 
5 Loss of intercellular 4 20 16 8 p=0.0013 
adherence 
6 Loss of polarity 4 20 3 21 NS 
7 Hyperchromatic nuclei 24 0 17 7 NS 
8 Increased nucleo- 0 24 0 24 NS 
cytoplasmatic ratio 
9 Anisocytosis and 0 24 4 20 NS 
anisonucleosis 
10 Pleiomorphic cells 1 23 1 23 NS 
and nuclei 
1 1  Mitotic activity 17 7 1 1  13 NS 
12 Level of mitotic activity 22 2 15 9 NS 
13 Presence of bizarre mitoses 24 0 20 4 NS 
NS=Not significant 
difference. In all specimens with a significant difference, the rat specrmens 
exceeded the human specimens in severity of histologic grading. 
DISCUSSION 
Clinical and histologic assessments of premalignant oral epithelial lesions is 
difficult, because both depend on subjective parameters. The inter-observer 
variation is high and the variables are difficult to quantify.68 Therefore attempts 
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have been made to develop more objective methods for histological scoring of 
oral epithelial dysplasia. The EAI developed by Smith and Pindborg69 is such a 
method. Although this scoring method also is subjective, because it involves in 
comparison of the histologic sections with a standard series of photographs, it 
allows more consistency of interpretation and the opportunity to quantify 
epithelial dysplasia. Analysis of human and rat epithelial atypia, by the EAI 
scoring methods, showed that similar or nearly similar epithelial atypia indices 
were composed of similar combinations of histologic features. Thus epithelial 
dysplasia in experimental, chemically induced lesions of the rat palatal mucosa 
resulting from the application of the carcinogen 4NQO closely resembled 
epithelial dysplasia of the human oral mucosa with the exception of the features 
drop-shaped rete ridges, irregular epithelial stratification, keratinization of cells 
below the keratinized layer, and loss of intercellular adherence. The difference 
between the rat and the human specimens in drop-shaped rete ridges might be 
due to the fact that the rat specimens were all taken from the palatal mucosa, 
while the human specimens originated from different sites in the oral cavity. The 
normal palatal mucosa of the rat showed obvious rete ridges whereas for example 
the mucosa of the cheek or the floor of the mouth in human specimens showed 
a far less developed pattern of rete ridges. 
Prolonged application of the carcinogen 4NQO eventually resulted in highly 
differentiated squamous cell carcinomas with excessive keratin formation. Human 
oral squamous cell carcinomas showed a wider range of differentiation and 
keratinization, than those induced by the application of 4NQO. This might 
explain the observation that rat specimens exceeded the human specimens in 
keratinization of cells below the keratinized layer. 
Although not described as such in the EAI, another difference between the rat 
and human lesions was the occurrence of focal acantholytic dyskeratosis (FAD) 
in the rat model. In rats, the earliest sign of FAD was the appearance of single 
acantholytic cells in the middle and lower half of the stratum spinosum in a 
circumscript area, usually an acanthotic rete ridge, and this was followed by the 
production of grains, suprabasalar cleft formation and focal hyperparakeratosis. 
In the 4NQO rat palate model, FAD occurred in isolated areas as well as in 
association with areas of dysplasia. In none of the human lesions was FAD 
observed. FAD may well represent an induced epithelial maturation or 
differentiation defect caused by a variations stimuli, among them the potent 
chemical carcinogen 4NQO. Nevertheless, there are no indications that 4NQO­
induced FAD is related to the subsequent development of malignancy. 66•67•8 1 When 
oral epithelium is exposed to a potent carcinogen it usually responds with a 
marked inflammatory reaction. However, in none of the specimens of the 4NQO 
model was such inflammation noted. Although the rat specimens exceeded the 
human, in the histologic feature loss of intercellular adherence, inflammation did 
not cause this difference. The pronounced loss of intercellular adherence and the 
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difference in irregular epithelial stratification between human and rat epithelial 
dysplasia were more likely the result of a maturation defect caused by a chemical 
carcinogen such as 4NQO. 
McDonald88 compared DMBA induced epithelial dysplasia of the hamster 
buccal pouch and human oral epithelial dysplasia, finding significant differences 
between human and hamster specimens for the following histologic features: 
drop-shaped rete ridges, loss of intercellular adherence, increased nucleocytoplas­
matic ratio, increased mitotic activity, and level of mitotic activity. The hamster 
buccal pouch specimens exceeded the human specimens in the following 
histologic features: increased nucleocytoplasmatic ratio, and level of mitotic 
activity. Of the human dysplasia specimens exceeded the hamster buccal pouch 
specimens in the features drop-shaped rete ridges, loss of intercellular adherence, 
and increased mitotic activity. These findings contrast with our study, but it has 
been disputed that the hamster buccal pouch, as mentioned before, is representa­
tive of human oral mucosa. Furthermore, the histologic difference between the 
rat palatal mucosa and the hamster buccal pouch, and the use of different 
carcinogen makes it impossible to compare McDonald's data with ours. 
From this study, it can be concluded that the histologic features of 4NQO­
induced dysplasia of the rat palatal mucosa are very similar to those of human 
epithelial dysplasia. Analysis of human and rat specimens showed that similar or 
nearly similar epithelial atypia indices are composed of similar combinations of 
histologic features. Therefore, the 4NQO rat palate model appears to be an 
appropriate model for study of premalignant epithelial lesions and squamous cell 
carcinoma of the oral mucosa, as well as for assessment of new treatment 
modalities in head and neck oncology. 
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ABSTRACT 
Photodynamic therapy (PDT) is an experimental cancer treatment modality. 
PDT is based on the accumulation of a photosensitive dye in premalignant and 
malignant lesions. A certain period of time after the dye has been adminis­
tered, tumor tissue may contain more of the sensitizer then the surrounding 
normal tissues. When tissue containing the sensitizer is exposed to light of a 
proper wavelength and dose, a photochemical reaction between sensitizer and 
light will occur. The activated photosensitizer reacts with available oxygen 
which subsequently damages cells and eventually may cause necrosis of the 
tumor. Photosensitizers can also be used for fluorescence detection. If a tumor 
contains more of the photosensitizer than the surrounding normal tissue, its 
fluorescence can potentially be utilized to detect tumors. Analogous to PDT, 
this can therefore be referred to as Photo-detection (PD). This paper reviews 
the basic mechanisms and clinical applications of PDT and PD. Emphasis is 
given to PD and PDT with the photosensitizer Photofrin for detection and 
treatment of premalignant epithelial lesions and squamous cell carcinomas of 
the oral mucosa. 
INTRODUCTION 
Photodynamic therapy (PDT) is an experimental treatment modality for 
localized malignant tumors. PDT is based on the retention of a photosensitive 
dye in premalignant and malignant lesions, followed by a photochemical 
reaction between the dye and the light to which the tumor tissue is exposed. 
In case of an optimal combination of photosensitizer dose and light distribu­
tion, it may be possible to destroy tumors with limited, reversible damage to 
the surrounding healthy tissue. A second application in the use of these 
photosensitizers is their ability to fluoresce. This fluorescence can than be used 
to detect tumors. Analogous to PDT, it can be referred to as Photo-detection 
(PD). 
The principle of light activation of photosensitive dyes is not new. Early 
this century, Raab89 described the killing of paramecia (a genus of protozoa) 
after the photochemical interaction between light and acridine orange. In 1903, 
Von Tappeiner & Jesionek90 were probably the first who used PDT in 
oncology. They treated skin carcinomas by topical administration of eosin and 
irradiation with high doses of light. In 1913, Meyer-Betz91 injected himself 
with hematoporphyrin and was the first author who described resulting skin 
photosensitivity with severe skin edema and erythema. Many photosensitizing 
agents have been investigated since the early days of PDT, but following the 
experiments of Hausman92 in 1911  with hematoporphyrin, there has been an 
increased interest in the use of porphyrin based photosensitizers. In 1955 
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Schwartz et al. 93 described the photosensitizer hematoporphyrin derivative 
(HpD). In the early sixties Lipson et al.94 demonstrated that experimental rat 
tumors could be detected by fluorescence following systemic administration of 
HpD and UV-light illumination. Because of the prolonged skin photosensitivi­
ty induced by the systemic administration of HpD, it became clear that HpD 
at the doses that were commonly used (2-5 mg/kg) was unsuitable for detec­
tion purposes only. A renewed and more widespread interest in the therapeuti­
cal application of PDT started in the seventies with the experiments of 
Dougherty et a/,95-97 From that time on PDT has been the subject of many 
preclinical and clinical studies investigating its application as a new treatment 
modality in oncology. The clinical areas in which PDT predominantly has 
been used are superficial bladder cancer,98 brain tumors,99 lung cancer, 100 
malignant skin tumors, 101 and tumors of the upper aerodigestive tract. 102•103 
The advantage of PDT over conventional surgical or radiotherapeutic 
treatment may be its dual selectivity. Firstly, selectivity may be obtained by 
the preferential retention of the photosensitizer in target tissue, and secondly, 
the photodynarnic activity is limited to the illuminated area as it will not 
affect tissues in the absence of the excitation light or the photosensitizer. 
Another advantage of the use of PDT is tissue heals by regeneration with little 
scar formation.104 
To date many different manifestations of malignant disorders, accessible to 
light delivery, have been treated with PDT. In the early days of clinical PDT 
predominantly patients with skin recurrences or skin metastases were treated, 
because treatment alternatives for these patients were exhausted. 105•106 Later on 
endoscopic devices were developed, especially for PDT applications to treat 
small primary tumors in less accessible regions, e.g. lung, bladder and esopha­
gus . 101-109 
In this paper PDT and PD are reviewed. The mechanisms, clinical applica­
tion and future directions are discussed. Special emphasis is given to PDT as a 
treatment modality for premalignant lesions and squamous cell carcinoma of 
the oral mucosa. 
PDT REQUIREMENTS 
Photodynamic therapy is based on dye-sensitized photo-oxidation of biological 
matter in the target tissue. 1 1° PDT requires the presence of three components 
for its action, namely: a photosensitizer, light and oxygen. 
Photosensitizer 
Hematoporphyrin derivative (HpD) is a combination of various porphyrins 
i.e. hematoporphyrin, hydroxyethylvinyldeuteroporphyrin, protoporphyrin 
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and a hydrophobic fraction consisting of dimer and oligomer porphyrin 
molecules linked by ether and/ or ester bonds. The latter fraction is thought to 
be responsible for the PDT effects and often referred to as the 'active frac­
tion'.16•111 Hydrophobic porphyrin dimers and oligomers give poor fluores­
cence but have good localization properties in tumors, while monomeric, 
hydrophilic porphyrins have good fluorescent properties, but are not photody­
namically active in vivo. 112 This implies that a porphyrin based photosensitizer 
which has good tumor localizing properties not necessarily has good fluores­
cent properties. HpD enriched in the 'active fraction' is commercially available 
under the trade name Photofrin (QLT, Vancouver, BC, Canada). 
Autoradiographic studies using [14C]- and [3H]-labeled porphyrins have 
shown that uptake of a photosensitizer is not limited to tumor tissue 
alone.17·11J·115 It appeared that the photosensitizer accumulated in organs rich in 
reticuloendothelial components e.g. liver, kidney and spleen, even to a higher 
degree than in experimental tumors. In lower, but still notable amounts it 
accumulates in skin, muscle and brain tissue. Photosensitizers may also bind to 
collagen, elastic and reticular fibers of the fibrous tissue matrix. 116 Especially 
accumulation in skin is a disadvantage of clinical PDT using HpD or Photo­
frin. It can induce a prolonged skin photosensitivity, which can last up to 8 
weeks after administration of the sensitizer. To prevent skin erythema and 
edema, patients treated with these drugs have to avoid exposure to bright 
(sun)light for several weeks. 
The mechanism of accumulation of photosensitizers in tumor tissue is still 
unknown. As the localization of a photosensitizer is not limited to tumor 
tissue, a selective effect of PDT depends on favorable ratio's of porphyrin 
concentration between tumor tissue and surrounding normal tissue. It has 
been stated that the tumor to normal tissue ratio's range from 2: 1 to 5: 1. 17 
Several mechanisms have been suggested to be responsible for differences in 
tumor and normal tissue porphyrin uptake. These mechanisms include: 1) a 
greater permeability of tumor vessels which facilitates diffusion of porphyrin 
carrying macromolecules from the circulation to tumor cells; 2) the binding of 
porphyrins initially to albumin and lipoproteins (equally to low density 
lipoproteins LDL and high density lipoproteins HDL) and at longer periods 
predominantly to HDL.117·118 Proliferating (tumor) cells often show a high 
expression of LDL receptors, which might be a basis of preferential uptake of 
porphyrin by tumor cells; 119 3) a slower clearance of hydrophobic porphyrins 
from tumor tissue than from most healthy tissues as a result of a reduced 
lymphatic drainage in tumor tissue;16 4) a decreased pH in tumor tissue may 
be related to selective photosensitizer retention, as the water solubility of a 
sensitizer increases as tissue pH decreases. 120 
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Excitation light 
Porphyrins show an absorption peak around 400 nm wavelength in the blue 
region of the visible spectrum (the so called Soret band). Besides strong 
absorption in this region of the spectrum, there are also absorption peaks at 
longer wavelengths. The absorption peaks at wavelengths between 500-650 nm 
are much lower than around 400 nm. Nevertheless 630 nm (red) light is 
traditionally used in PDT because the penetration of light in tissue increases 
with increasing wavelengths. 121 The absorption spectrum of HpD in vitro does 
not necessarily have to coincide with the in vivo spectrum. It has been shown 
that in vivo a blue shift of 5 nm can occur in the action spectrum of HpD. 
Therefore, 625 nm seems to be a more effective wavelength for PDT than 630 
nm.121 
Theoretically any light source can be used for PDT, as long as it provides 
the required spectral characteristics. Initially conventional lamps were used. 
Appropriate wavelengths were obtained by filtering the emitted spectrum. 
Disadvantages of this approach are the broad spectrum of wavelengths, the 
resulting low power output after filtering the desired wavelength, the impossi­
bility of using optical fibers, and tissue heating. Currently argon pumped dye 
lasers with Kiton red or Rhodamine B are most commonly used in PDT with 
porphyrin based photosensitizers. The argon dye laser is capable to produce a 
maximum power output of 3-4 W. Advantages of the use of lasers as light 
source for PDT are the well defined wavelengths that makes it possible to 
match the excitation light with the absorption spectra of the photosensitizer 
and the possibility of effectively coupling laser light into optical fibers. 
Other laser light sources for PDT or PD include the Metal (Copper or 
Gold) vapor laser, alone or in combination with a dye laser. These so called 
mainframe lasers are relatively complex and large. The fixed wavelength of the 
gold vapor laser (628 nm) makes it unsuitable to excite other sensitizers than 
porphyrin based sensitizers. Helium Neon (HeNe) lasers with a wavelength of 
632.8 nm would appear to be suitable for PDT but their low power output 
limits the application for PDT. The KTP (Potassium Titanium Phosphate) 
laser, emitting at 532 nm, in combination with a dye laser seems more suited 
for clinical application because its ease of operation and compact size. The 
latest development in laser technology is the diode laser. This solid state laser 
system combines a small size, low costs and easy handling. However, at 
present a diode laser suitable for PDT with enough output in the 630-800 nm 
range is not yet commercially available. 
Depending on the area to be treated, various forms of light delivery 
systems have been constructed. Superficial (e.g. skin or oral cavity) tumors can 
be treated with a simple microlens system providing a uniform surface 
illumination. Interstitial illumination (e.g. for large tumor masses) is possible 
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with cylindrical or spherical diffusers. Intraluminal or intracavitary (e.g. 
bronchus, esophagus or bladder) illumination can be performed using cylindri­
cal or isotropic spherical diffusers. 107 Using a beamsplitter, light can be divided 
over multiple fibers and be used in the interstitial treatment of bulky tumor 
masses. 122 Accurate light dosimetry is crucial in PDT. In oral tumors both 
lesion and surrounding tissues are often irregularly shaped. This complicates 
the delivery of a homogenous light dose to the entire target area. A factor that 
further complicates dosimetry is that the current imaging techniques (e.g. 
ultrasound, CT and MRI) still have their limitations in exactly demarcating 
tumor boundaries. 
Orygen 
The tumoricidal effect of PDT is the result of a photo-oxidative reaction. The 
presence of oxygen is essential in PDT, as tissue hypoxia will strongly reduce 
PDT effects. 123•127 After photon absorption, the sensitizer ground state (singlet 
state) is brought into an electronically excited state (triplet state) via a short­
lived excited singlet state.128 
There are two major pathways through which oxidation of the triplet state 
can occur. In type I photo-oxidation, a direct reaction occurs between the 
excited triplet state photosensitizer and a biological substrate by electron or 
hydrogen transfer. This interaction produces radicals of the biological substrate 
or the photosensitizer. These radicals can react with molecular oxygen to 
produce oxidized products. The minor role of type I photo-oxidation in PDT 
is due to the competition between substrates and oxygen for triplet photo­
sensitizers. Singlet oxygen is generated via the type II photo-oxidation path­
way. After absorption of a photon the sensitizer ground state is excited to its 
excited singlet state. When this excited singlet state decays back to its ground 
state, it emits light in the form of fluorescence. When the excited singlet state 
of the sensitizer undergoes intersystem crossing to the excited triplet state, it 
can react with tissue oxygen to form singlet oxygen. Singlet oxygen can then 
react with biological substrates, resulting in cellular damage and tissue destruc­
tion. 129-132 The following scheme describes how singlet oxygen is generated and 
how it reacts with biological substrates. 
During in vivo exposure to light, Photofrin and other photosensitizers 
undergo a slow degradation (photobleaching) due to reaction of the sensitizer 
with singlet oxygen or free radicals. Because of photobleaching, the products 
of this interaction take no further part in the photodynamic activity.133-135 
There seems to be a threshold combination of sensitizer dose and light dose 
for PDT to be tumoricidal. This threshold dose is of great value in reducing 
or preventing normal tissue damage, that is increasing the therapeutic ratio, 
provided that the tumor accumulates more photosensitizer than the surround-
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In this scheme 1Ph indicates the singlet ground state of the photosensitizer 
Photofrin, hv indicates light energy, 1Ph* indicates the excited sensitizer singlet 
state, 3Ph• is the excited sensitizer triplet state. The transition of 1Ph* to 3Ph* is 
an intersystem crossing. 302 indicates tissue oxygen (which is in a triplet state), 
102 indicates singlet oxygen. Instead of undergoing transition to its triplet 
excited state �Ph*), 1Ph* can also decay back to its singlet ground state (1Ph) 
emitting fluorescence light. 
ing normal tissue. The administered photosensitizer dose is chosen so that the 
threshold dose cannot be achieved in the normal tissue because of photo­
bleaching, but can be exceeded in the tumor.136-138 This principle has been put 
into practice in PDT of skin cancer.139 
Dosimetry 
A proper knowledge of light dosimetry is needed to be able to compare, 
reproduce and predict the effect of PDT and establish the factors that deter­
mine success or failure of PDT. However, with a few exceptions, little 
attention has been paid in clinical PDT to light dosimetry. 1o7.i40.i42 
The power of a light source is expressed in W and the delivered energy in 
Joules (i.e. Watts x second). In PDT usually a surface area is irradiated and the 
power per unit area (= irradiance) is expressed in W/m2 or mW/cm2. 
The effect of PDT is determined by the energy fluence G/m2) multiplied 
by the absorption coefficient (m·1) of the photosensitizer in tissue. The energy 
fluence is the energy fluence rate (W /m2) multiplied by the irradiation time 
(sec). Multiplication of the energy fluence rate by the absorption coefficient 
yields the energy absorbed per second and per unit volume by the photosensi­
tizer and increases as the fluence increases. Because the distribution of photo­
sensitizer concentration in tissue is often unknown, the light dose absorbed by 
the photosensitizer is also unknown. In superficial PDT the incident power 
per unit area (W /m2) multiplied by the irradiation time is often used as the 
light dose for PDT, although the energy fluence (rate) in tissue can differ. 
Differences are due the phenomena of light scattering and internal reflection at 
tissue boundaries. To gain more knowledge concerning light dosimetry it is 
necessary to know more about in vivo measurement of the fluence rate143 and 
estimations of scattering properties and optical absorption of the treated tissue 
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followed by a calculation using a mathematical description of light propaga­
tion in tissue.144•145 
A superficially growing tumor, that has accumulated more photosensitizer 
than surrounding normal tissue, can be selectively treated by PDT. However, 
a few millimeters into the tissue, the energy fluence rate in a tissue decreases 
exponentially with increasing depth. For a tumoricidal effect at the deepest 
boundary in thicker tumors, the surface light dose should increase, but this 
will cause necrosis of superficial normal tissue as well. Therefore the limits of 
selective PDT are determined not only by the ratio of photosensitizer in 
tumor and normal tissue, but also by the penetration depth of the light. 146 The 
search for new photosensitizers, which are more selectively retained or 
activated with light of longer wavelengths, and therefore with a greater 
penetration depth in tissues, is still in progress. 
MECHANISMS OF PDT 
In PDT damage to tumor cells, cellular effects and vascular effects have to be 
considered. Of these effects, the vascular effect, resulting in a blood flow stasis, 
is considered to be the primary and most important event in tumor destruc­
tion in photodynamic therapy.18•147·149 
Cellular effects 
Singlet oxygen in tissue can diffuse approximately 0 . 1  µ.m, its lifetime is less 
than 1 µ.s.13 1, 150 Therefore, cellular damage caused by singlet oxygen is believed 
to take place near the site where singlet oxygen is generated. The site of the 
cellular damage also depends on the type of sensitizer. 
Lipophilic photosensitizers cause damage to membranes (plasmamembranes, 
mitochondria, lysosomes, endoplasmatic reticulum and nuclear envelope). 151 
This membrane damage is the result of oxidation of cholesterol and membrane 
phospholipids, which gives rise to a changed membrane permeability, loss of 
fluidity, cross linking of aminolipids and changes in enzyme and receptor 
systems associated with these membranes. Mitochondrial enzyme inhibition is 
thought to be a major factor in PDT induced cellular damage. 152·153 Release of 
hydrolytic enzymes is due to damage of the membranes of lysosomes, especial­
ly caused by the hydrophillic sensitizers, which more or less preferentially 
affect these structures.151•154 Inflammatory and immune mediators are released 
due to cell membrane damage. These mediators are fast acting and vasoactive 
(either constrictive or dilatory). Maximum levels of tumor necrosis factor 
(TNF), released from macrophages, are noted 3-6 hours after light exposure. 
Therefore it is unlikely that TNF is involved in the immediate response of 
PDT.155 
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Vascular effects 
Vascular effects are the main events in PDT leading to tumor destruction.147 It 
has been shown that photosensitizers predominantly accumulate in the 
perivascular stroma.1 14•156 The endothelial cells of the vessel wall are most 
likely the subject in PDT damage.157 Vascular damage occurs within seconds 
after light exposure and may consist of platelet aggregation in the microvascu­
lature, followed by transient vasoconstriction, vasodilatation and eventually 
complete blood stasis and hemorrhage. These vascular effects lead to hypoxia 
of the tissue and deprives the tissue of vital nutrients. 
Edema and erythema are early signs of a PDT response, prior to any 
detectable endothelial cell or tumor damage.18 The release of clotting factors, 
vasoactive mediators and degranulation of mast cells increases coagulation and 
alter the vessel tone. Histamine release will increase the capillary permeability, 
which will lead to leakage of fluids and proteins from the vessels resulting in 
perivascular edema. Von Willebrand's factor release is induced by histamine 
and mediates platelet aggregation and adhesion to the vessel wall. 158 Neutro­
phils and platelets can release other vasoactive mediators as arachidonic acid 
metabolites, including PGE2, PGI2 and thromboxane and serotonin, which 
results in an increased permeability of the vessels. 148•159 The involvement of 
these mediators is obvious from the observation that a cyclo-oxygenase 
inhibitor, e.g. indomethacin, is capable of reducing PDT induced vasoconstric­
tion. 160 This cascade of events results in early blood flow stasis in both 
arterioles and venules, 161 with major consequences to the tumor micro-environ­
ment. Within minutes after exposure to the light a reduction of blood flow 
velocity and induction of hypoxia can be noted. 127•147•149•162 Changes in tumor 
oxygenation measured through non-invasive real-time monitoring of tissue 
oxygenation in transplanted tumors in rabbits, revealed three consecutive 
events, i.e. oxygen consumption through the production of singlet oxygen 
from ground state tissue oxygen, pathophysiological alterations in the regional 
blood supply (hypoxia) and total vascular occlusion (ischemia). 163•164 The tissue 
hypoxia may be (partially) reversible. As PDT is an oxygen dependent process, 
this reversible hypoxia could be used to supply oxygen to produce enough 
singlet oxygen for a cytotoxic PDT effect. 18 Furthermore, it has been shown 
that for cure of tumors with PDT and Photofrin, not only the tumor has to 
be damaged, but also a small margin of surrounding normal tissue to prevent 
nutritional resupply of remaining viable tumor cells. After a curative PDT 
dose apparently necrotic tumor tissue can still contain as many as 20% 
clonogenic tumor cells. 136•137 
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Side eJfects 
A major problem in clinical photodynamic therapy, especially using porphyrin 
based photosensitizers like Photofrin, is a prolonged cutaneous photosensitivi­
ty. This skin photosensitivity can last up to eight weeks after the administra­
tion of the photosensitizer.165 14C-labeled Photofrin blood clearance studies in 
mice showed a tri-exponential equation with elimination half-lives of 4 hours, 
9 days and 36 days respectively. But even after 75 days there was still (approxi­
mately 0.01 %) sensitizer detectable. 1 14•1 15 The mouse ear swelling response and 
the murine foot response model are used to study these late effects. 18•166 
Methods used to reduce the cutaneous photosensitivity are based on 
acceleration of the photosensitizer clearance, by photobleaching or pharmaco­
logical intervention.18 Up to now no positive effects are reported from 
absorbing agents, diuretics, porphyrin metabolism modifiers or carot­
enoids. t67,t6s 
PHOTO-DETECTION 
The other prominent feature of photodynamic therapy is the ability of the 
photosensitizers to fluoresce, which can in principle be used to detect tumors 
and to determine tumor margins. After absorption of a photon the sensitizer is 
brought to the short living excited singlet state. When the sensitizer decays 
from the singlet excited state to its singlet ground state, instead of decaying to 
its triplet state (intersystem crossing), fluorescence occurs. 
When hematoporphyrin derivative is excited with violet light, a salmon red 
fluorescence can be observed. To avoid undesired photodynamic (damage) 
effects to the tissues, low excitation light levels are used to excite the fluores­
cence. The emitted fluorescence light levels are then too low to be detected 
with the naked eye, so that intensified video cameras are needed. Besides 
imaging systems, non-imaging systems have been developed to detect fluores­
cence signals. In the latter fluorescence is converted into other signals (e.g. 
sound) which represent the intensity of the fluorescence signal. 169•170 
A problem in detecting the photosensitizer induced fluorescence, is the 
occurrence of autofluorescence. Autofluorescence is spontaneous tissue 
fluorescence in the absence of exogenously administered photosensitizers. 
Autofluorescence is emitted by naturally occurring tissue fluorochromes like 
endogenous porphyrins or other biomolecules. 171•172 The autofluorescence 
intensity increases with decreasing excitation wavelengths and can distort the 
detection of photosensitizer fluorescence. Various imaging-based fluorescence 
detection systems have been developed to deal with this problem. 173-177 In some 
of these systems autofluorescence is used as additional information to optimize 
photo-detection. Another system uses the fact that the intensity of the auto-
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fluorescence does not vary much when excited at two different wavelengths, 
provided that these two wavelengths are not too far apart. Hematoporphyrin 
derivative, however, has distinct excitation maxima and minima. 178 This 
technique makes it possible to subtract fluorescence images excited at two 
different wavelengths, which reduces the disturbing effect of autofluorescence 
and yields the true porphyrin fluorescence. 177 
A disadvantage of the use of photosensitizers for detection purposes is that 
the patient becomes photosensitized. Accumulation of the photosensitizer in 
skin results in a skin photosensitivity, which, as stated before, can last up to 6-
8 weeks during which period patients have to avoid bright (sun)light. Several 
authors have reduced the amount of injected photosensitizer in PD to reduce 
this side effect. 179·180 A next step has been the investigation whether detection 
of premalignant and malignant epithelial changes could be achieved using 
autofluorescence alone. Autofluorescence alone without the use of exogenous 
photosensitizer for detection purposes has been studied in the lung, cervix and 
oral mucosa.181-183 Fluorescence detection of premalignant lesions and squamous 
cell carcinoma of the oral mucosa has predominantly been studied in the 
hamster buccal pouch model.180·18+188 Results of these studies indicate that it is 
possible to detect premalignant lesions and squamous cell carcinomas of the 
oral mucosa. Randomized clinical trials in humans however are still needed to 
determine the value of PD. 
Fluorescence microscopy has been used to detect tissue and cellular 
distribution of photosensitizers to gain a better understanding of PDT-mecha­
nisms.151·189•190 Fluorescence pharmacokinetic studies of HpD, Photofrin and a 
range of second generation photosensitizers showed that dyes most suitable for 
PDT are not always best suited for PD and vice versa.191-195 
PHOTODYNAMIC THERAPY OF ORAL SQUAMOUS CELL CARCINOMA 
Photodynamic therapy could be of use in the treatment of premalignant 
(dysplastic) epithelial lesions and small superficially growing primary squamous 
cell carcinomas in the oral and maxillofacial region. Furthermore, PDT could 
be useful in cases of secondary tumors when curative surgical or radiothera­
peutic treatment possibilities are limited, or even impossible. It is known that 
patients with a squamous cell carcinoma of the oral cavity are prone to 
develop multiple primary tumors in about 20% of the cases.12 Furthermore, 
photo-detection of so called 'field cancerization' or 'condemned mucosa', in 
which large areas of the oral mucosa show dysplastic alterations, may be a tool 
for early detection and therefore preventing malignant transformation. 
Although the oral cavity is easily accessible with light delivery systems used in 
PDT, there are not.many reports dealing with PDT as a treatment modality of 
cancer or precancerous lesions of the oral cavity. Review of the literature on 
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the use of PDT in cancer of the head and neck reveals that, initially PDT was 
predominantly used for palliative purposes in patients with advanced cancer or 
for those lesions that were refractory to conventional therapy. Most published 
data on treatment of head and neck squamous cell carcinoma with PDT, are 
limited to patients who have either already received standard therapy to the 
maximum tolerated degree or to patients who have not been eligible to 
standard therapy. Well established standards for PDT treatment do not exist 
with regard to drug dosage, appropriate light delivery systems, treatment 
intervals, measurement of tumor size and depth and optical dosimetry, making 
it difficult to arrive at reliable conclusions about treatment efficacy. Clinical 
studies are therefore difficult to compare because of the lack of uniformity in 
describing the patient material and the variety of techniques used for PDT 
treatment. Actually, most of the studies describe case reports rather than that 
they describe prospective randomized clinical trials in which PDT is compared 
with conventional surgical therapy or radiotherapy. 
Clinical studies 
Table I summarizes the results of PDT on oral squamous cell carcinomas. 
Most of the patients included in trials on the effect of PDT suffered from local 
recurrences after they had failed all forms of conventional therapy or were not 
susceptible to such therapy. Furthermore, in many trials of PDT of the head 
and neck region, only a few patients suffering from oral squamous cell 
carcinomas were included. This may explain the wide variation of responses 
reported. Good tumor responses have been attributed to selection of patients 
with thin tumors accessible to illumination. 196 
Feyh et al. 102 described the clinical events of PDT in patients with cancers 
of the head and neck area. Twentyfour hours after PDT the oral tumor area 
was covered by a fibrin layer. The surrounding normal tissue showed almost 
no macroscopic alterations besides edema. From day 10 after PDT, the 
necrotic tissue in the tumor area was rejected. All treated sites reepithelialized 
completely with excellent cosmetic and functional results. 
Gluckman197 reviewed a personal 5-years PDT experience with patients 
with squamous cell carcinomas of the mucosa of the upper aerodigestive tract. 
He also made an attempt to describe the true role and future direction of PDT 
in the treatment of head and neck cancer. The patients were divided into three 
groups: those with advanced cancer where the intent of the therapy was 
purely palliative, those with clinically a focal superficial early cancer {usually 
Tl and T2), and those with field cancerization with multicentric superficial 
cancer interspersed with areas of premalignancy {'condemned mucosa'). The 
results for patients with advanced cancer were very disappointing. The 
palliation was not more effective or longer lasting than that obtained with 
Table I. General overview of the effects of PDT on squamous cell carcinoma of the oral mucosa as derived from the literature. In most 
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standard palliative therapy. In a number of patients the associated skin 
photosensitivity even worsened the quality of life. There were 13 patients with 
early cancer of the oral cavity or the oropharynx. These cases were found to 
be the easiest to treat and PDT was usually performed without general or local 
anesthesia. Complete response was observed in 1 1  of 13 patients. However, 4 
of these recurred between 8 and 12 months after treatment. In the other two 
cases there was a partial response. The eight patients with 'condemned 
mucosa' all showed excellent response. A number of these patients developed 
leukoplakia or erythroplakia during follow-up (6-40 months), but malignancy 
was observed in one patient only. 
From the clinical studies it can be deducted that PDT with Photofrin of 
the oral region is applicable in condemned mucosa or small superficial thin 
squamous cell carcinomas, but should not be used in advanced tumors or for 
palliative goals. 
FUTURE DIRECTIONS 
To date, Photofrin is the only photosensitizer that has been recommended for 
approval by the Oncology Drugs Advisory Committee of the USA Food and 
Drug Administration for use in clinical PDT. Nevertheless, Photofrin is not 
the most favorable photosensitizer. Prolonged skin photosensitivity and a 
limited tissue penetration of the excitation light of 625 nm are a.o. limiting 
factors for a widespread use of PDT as a cancer treatment modality. There­
fore, much effort has been put into the search for photosensitizing agents with 
more favorable properties for PDT. An ideal photosensitizer should have the 
following properties: 1) a chemically well defined, stable substance, 2) light 
absorbtion in the red or near infrared region of the spectrum. These wave­
lengths give an acceptable tissue penetration and avoid mutagenic effects of 
UV light, 3) a narrow excitation wavelength band, with relatively little 
absorption of visible light at wavelengths below 500 nm, to avoid skin 
photosensitivity from solar excitation, 4) high excitation efficiency, (a high 
probability of triplet state formation per absorbed photon), 5) the sensitizer 
should be non-toxic in the absence of the excitation light, 6) selective for 
premalignant and malignant tissue, 7) good fluorescent properties for detection 
of premalignant and malignant tissue, 8) rapid clearance from the tissues and 
the body after administration, 9) photodegradable. Initially photosensitizers 
were thought to have photostable properties, but photodegradation in vivo can 
be advantageous in terms of tumor treatment and skin photosensitivity.198•199 
Second generation photosensitizers that have emerged from this search are for 
example Phthalocyanines, Bacteriochlorophyl, Bacteriochlorin a (BCA), 
Benzoporphyrin derivative mono acid (BPD-MA), metaTetrahydroxyphenyl­
chlorin (mTHPC) and Tin-ethyl-etiopurpurin (SnET2).200.zo3 Compared to 
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Photofrin many of these new photosensitizers can be excited at longer 
wavelengths. Theoretically this allows larger tissue volumes to be treated 
because of the increased tissue penetrating properties of these longer wave­
lengths. However it not yet clear whether longer wavelengths (deeper tissue 
penetration) is needed for treatment of superficial lesions or where structures 
in close proximity of these lesions, such as dentition or bone, need to be 
preserved. The duration of side effects can be reduced when a photosensitizer 
is rapidly cleared from the body. Such a photosensitizer is e.g. BPD-MA. The 
advantage of mTHPC, despite its longer retention, lies in its higher photody­
namic effectiveness, so that lower drug doses can be applied, consequently 
reducing side effects such as generalized skin photosensitivity. Presently, 
however all these new photosensitizers are still under investigation, and none 
have been approved for use in clinical PDT. 
Another application of PDT is intra-operative PDT, which might be 
beneficial as an adjunct to surgery of tumors, particularly when tumor margins 
are difficult to define or radical resection of tumors is difficult to achieve. This 
form of PDT was found to be an effective adjunct to surgery in preventing 
local recurrence of neuroblastomas in mice.204 In human intra-operative PDT 
has been applied for the treatment of a.o. malignant mesothelioma, 205 brain 
tumors,99•206 and recurrent carcinomas of the head and neck.207 
A different approach is to achieve photosensitizer synthesis in situ by 
administration of a precursor that is either preferentially accumulated or 
preferentially converted to an active photosensitizer by the tissue to be treated. 
5-Aminolaevulinic acid (ALA) appears to be such a substance. ALA is a 
precursor of protoporphyrin IX (Pp IX) in the production of haem. Pp IX has 
shown to be an effective photosensitizer, whereas ALA itself has no photody­
namic activity. As the conversion of Pp IX to haem is a relatively slow 
process, topical or systemic administration of ALA will lead to accumulation 
of Pp IX in cells capable to convert ALA to Pp IX. Furthermore, accumula­
tion could be the result of a decreased conversion of porphyrins to haem in 
tumor cells as a result of a decreased ferrochelatase activity. 208 It has been 
observed that following topical administration of ALA in an aqueous solution, 
ALA is not capable to pass through normal keratin, but passes rapidly through 
abnormal, altered keratin layers. Furthermore, Pp IX photosensitization can 
be induced in cells of the epidermis and its appendages, but not in cells of the 
dermis. Therefore, topical application of ALA on actinic keratoses or superfi­
cial basal cell or squamous cell carcinoma of the skin can induce Pp IX 
photosensitization, which is limited to the abnormal epithelium and will only 
weakly affect the surrounding normal epithelium. Currently the systemic 
administration of ALA is also being studied.209•212 
Future PDT studies should not only search for new photosensitizing 
agents, but also be directed towards a better understanding of the mechanisms 
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of the selective binding of photosensitizers in premalignant and malignant 
tissues, the effects of PDT on normal tissues, its fluorescent properties for the 
detection of premalignant tissues and the delivery and dosimetry of light for a 
homogeneous distribution in the treated tissues. Before PDT can be considered 
for phase III studies, standardization of treatment parameters such as light 
dose, fluence rate, drug dose, interval between administration of the sensitizer 
and light, tumor staging and anatomical localization is needed. Only then 
comparison of the results derived from these studies is possible allowing 
determination of the true value of PDT. 
CONCLUSIONS 
Photodynamic therapy (PDT) has been introduced in the clinical treatment of 
cancer during the last decades. The clinical application still evolves. In head 
and neck cancer treatment, PDT seems to have promising features for treat­
ment of small, superficially growing tumors and especially 'condemned 
mucosa'. PDT with Photofrin appears to have no real role in palliation of 
advanced cancer in the head and neck area or the oral region. The cure rate of 
small tumors treated by PDT should improve to make PDT a real alternative 
over conventional treatment modalities. Advantages of PDT over conventional 
surgical or radiation treatment of head and neck squamous cell carcinomas are 
its dual selectivity, lesser damage and functional recovery of surrounding 
normal tissues, and tissue healing with little scarring. The crucial point in 
clinical PDT is selection of patients with early stage, thin tumors or con­
demned mucosa accessible to a proper distribution of light. 
Theoretically the fluorescent properties of photosensitizing agents have 
promising features for tumor detection. However, clinical studies so far were 
more or less anecdotal and there is a strong need for prospective randomized 
trials. A relatively new method in PD is the use of autofluorescence alone for 
the detection of premalignant lesions and malignant epithelial tumors. 
A limiting factor for a more widespread use of PDT in head and neck 
oncology is the fact that to date only Photofrin has been approved as photo­
sensitizing agent for use in clinical PDT. Disadvantages of Photofrin are the 
prolonged skin photosensitivity and an excitation maximum at a wavelength 
of light with poor tissue penetrating properties. The search for second genera­
tion photosensitizers with more favorable properties is in progress. However, 
more fundamental basic science studies have to be done before PDT can be 
considered for a phase III clinical study for treating early squamous cell 
carcinoma of the mucosa of the upper aerodigestive tract. 
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ABSTRACT 
Photo-detection using in vivo fluorescence was studied on different stages of 
chemically induced premalignant lesions and squamous cell carcinoma {SCC) 
of the Wistar rat palatal mucosa. It was found that the epithelial dysplasia 
{numerically expressed in the epithelial atypia index EAl) of the rat palate, 
induced by repeated application of the carcinogen 4-Nitroquinoline-1-oxide 
{4NQO), showed an increase approximately proportional to the duration of 
the application period. Photo-detection of the lesions using Photofrin induced 
fluorescence was studied with dual wavelength excitation and subtraction of 
images in an attempt to reduce the autofluorescence. Fluorescence intensities, 
24 hours and 48 hours after injection of Photofrin, were shown to increase 
with the duration of 4NQO application and with increasing EAL For an EAI 
larger than 15 there was a statistically significant difference (P < 0.01) between 
the fluorescence signals obtained with and without injection of Photofrin. 
Fluorescence signals of these lesions without the use of Photofrin {autofluores­
cence) also showed an increase with increasing stages of epithelial dysplasia of 
the rat palate. However, the fluorescence signals obtained with Photofrin were 
always higher than those of the autofluorescence. From this study we con­
clude that photo-detection with Photofrin has potential in distinguishing 
chemically induced premalignant lesions and squamous cell carcinomas from 
the normal rat palatal mucosa. Photofrin {2.5 mg/kg bw) certainly adds to the 
sensitivity of photo-detection, but autofluorescence alone also has promising 
features for detecting premalignant and malignant lesions of the oral mucosa. 
INTRODUCTION 
Photodynamic therapy {PDT) is an experimental cancer treatment modality 
that uses a photosensitizing agent and the local application of visible light. The 
photosensitizer Photofrin is a commercial preparation of Hematoporphyrin 
derivative {HpD) enriched in the 'active fraction', which consists of dihemato­
porphyrin ethers and esters. HpD and Photofrin are complex mixtures with 
variable compositions. Both the controversial 'active fraction' and 'fluorescent 
fraction' have yet to be fully characterized. 222 
Besides causing tumor destruction, photosensitizers such as Photofrin can 
also fluoresce when stimulated by light of an appropriate wavelength. This 
fluorescence can be used to detect tumors. It might be a method for early 
detection and localization of tumors or even premalignant epithelial changes, 
in tissues accessible to the delivered light. Tumor fluorescence using HpD was 
first described by Lipson.94 Selective tumor fluorescence, when compared to 
the surrounding healthy tissue, is thought to be the result of a prolonged 
retention of the photosensitizer in the malignant tissue. Fluorescence detection 
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depends on a difference between the fluorescence erruss1on intensity of the 
tumor tissue and the surrounding normal tissues. A sensitive detection system 
must be employed, because porphyrin fluorescence yields are relatively low. 
Furthermore, the utilized excitation energy carries the potential danger of 
causing irreversible photodynamic effects. Normally, a photomultiplier or an 
image intensifier coupled to a charge-coupled device (CCD) camera is used as a 
detector.223 In this way, the camera provides a sensitive means to study the 
distribution of fluorescence. The recorded fluorescence images can then be 
digitized and stored in computer memory, facilitating data analysis. 224•225 
Maximum Photofrin fluorescence excitation occurs in the violet region of 
the spectrum around 400 nm (the Soret band). Drawbacks of the use of near 
400 nm excitation light, despite its relatively high fluorescence yield, are the 
limited depth of penetration (approximately 0.2 mm) and the high yield of 
autofluorescence. A limited depth of penetration of the excitation light should 
be sufficient for the detection of intra-epithelial lesions and therefore not 
necessarily a drawback. However, in case of submucosally growing tumors, 
the excitation light should penetrate sufficiently deep to excite fluorescence of 
a representative part of the tumor. A penetration depth of approximately 0.2 
mm will then be insufficient to define the presence or extend of the tumor. 
Autofluorescence is emitted by naturally occurring tissue fluorochromes 
such as endogenous porphyrins or keratin, 171 · 172 and their emission spectra may 
overlap with that of porphyrins. Autofluorescence reduces the contrast 
(sensitivity) of fluorescence detection. Autofluorescence does not vary much 
between two excitation wavelengths, provided they are not too far apart. 
Photofrin fluorescence on the other hand has distinct excitation maxima and 
minima. Subtraction of fluorescence images at two different excitation wave­
lengths is a technique suggested by several authors to reduce the effect of 
autofluorescence and therefore to improve the fluorescence contrast. 174·177•226 
We used this approach and based our excitation wavelengths (460 nm and 500 
nm) on the work of Gijsbers et al. 178 
A relatively new approach in photo-detection is the use of autofluorescence 
alone, without the use of exogenous photosensitizer. This has been studied for 
detection purposes in, among others, the lung, cervix, skin and oral muco­
sa. 18 1 1 83•227 Results of these studies however, are conflicting. 
Patients with a history of oral squamous cell carcinoma have an estimated 
risk of approximately 20% to develop a second primary tumor in the upper 
aerodigestive tract. 12 Therefore these patients need regular follow-up. Early 
detection and subsequent treatment can reduce morbidity and mortality. 
Therefore non invasive diagnostic screening tools, with high sensitivity and 
specificity, for the detection and localization of oral malignancies are required. 
Photo-detection could be such a new diagnostic tool. Not only for the 
detection of primary tumors, but also for screening other high risk patients. 
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However, the clinical detection of such lesions can be difficult. 2 A non 
invasive detection method is the use of toluidine blue vital staining. A recently 
published article228 describes a 100% sensitivity for detection of invasive oral 
squamous cell carcinoma, and a sensitivity of 79.5% for oral epithelial dyspla­
sia. However, this high sensitivity for detection of squamous cell carcinoma 
may be due to patient selection. Nevertheless, this method has never found a 
widespread use in clinical head and neck oncology. Furthermore, one of the 
benefits of photodynarnic therapy is that it combines the possibility of 
detection and therapy. Therefore this new method to localize lesions and to 
assess their margins is worthwhile to investigate. Before clinical application can 
be considered, animal studies are needed to define the true value of photo­
detection. In this study we used the Wistar rat palate as an in vivo model. In 
this model, originally described by W allenius and Lekholm,35 epithelial 
dysplasia and ultimately squamous cell carcinomas are induced by repeated 
application of the carcinogen 4-Nitroquinoline-1-oxide (4NQO). The induced 
lesions in the 4NQO model are situated at a site that makes it possible to 
study effects of treatment in a 'normal' environment and to compare induced 
lesions with their human counterparts. Epithelial dysplasia of the 4NQO 
model is histologically comparable with epithelial dysplasia in humans.36•87•229 
The aim of this study is to investigate Photo-detection by means of dual 
wavelength excitation and image subtraction with Photofrin in 4NQO-induced 
premalignant epithelial changes and squamous cell carcinoma of the Wistar rat 
palatal mucosa. This in order to define the capability of this technique to 
detect and to discriminate between different stages of induced epithelial 
dysplasia and subsequent squamous cell carcinoma. A second aim is to study 
the use of autofluorescence alone as a diagnostic tool in the detection of such 
lesions of the rat palatal mucosa. 
MATERIALS AND METHODS 
Animal model and tumor induction 
Twentyfour male Wistar rats were used which were 6 weeks old at the 
beginning of the application period and had a mean weight of 125 g. The rats 
were randomly divided in 6 groups (n=4/group). One group of rats was not 
treated with 4NQO and served as a control group. In the other groups of rats 
premalignant epithelial lesions and squamous cell carcinomas were induced in 
the palatal mucosa by means of a three times weekly application of the water 
soluble carcinogen 4-Nitroquinoline-1-oxide (4NQO) (Sigma Chemical Co., St. 
Louis, MO., U.S.A.) 0.5% (w/v) dissolved in propylene glycol. 4NQO was 
administered at the intermolar area of the hard palate of the rat, with a single 
rotating stroke of a small brush. 4NQO was applied for 8, 12, 16, 20 or 26 
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weeks, respectively to induce varying grades of epithelial dysplasia by the first 
four application periods and squamous cell carcinoma after 26 weeks of 
application of the carcinogen. The rats were housed under standard laboratory 
conditions. Application of the carcinogen and all following experimental 
procedures took place under N20/0/Halothane inhalation anesthesia. 
Drinking water was withdrawn for about two hours after the 4NQO-applica­
tions to minimize dilution of the carcinogen and to maintain a longer reten­
tion period at the palatal mucosa. 
Pho to sensitizer 
Photofrin (Batch 266C, Quadra Logic Technologies, Vancouver, BC, Canada) 
was used as the photosensitizing agent. A solution of 2.5 mg/ ml was divided 
over a number of small vials which were stored frozen (-20 °C) and in the 
dark. Vials were thawed when needed. At the time of the experiment the 
weight of the animals was 300-400 g. The injected dose was 2.5 mg/kg bw, so 
that the injected volume was 0.3-0.4 ml. 
Excitation light 
The contrast in fluorescence imaging can be improved by subtracting fluores­
cence images excited with two different wavelengths in order to minimize the 
disturbing ef ect of autofluorescence. 174• 177 Gijsbers et al. 178 showed that the in 
vivo fluorescence excitation spectrum of Photofrin in tissue has a distinct 
excitation peak around 500 nm and an excitation minimum around 460 nm 
(Fig. 1). For this reason 460±20 nm blue light and 500±20 nm green light was 
used for fluorescence excitation. Both wavelengths were obtained from a 
halogen lamp equipped with a revolving filter wheel with band pass filters 460 
DF 40 and 500 DF 40 (Omega, USA). An excitation light intensity of approxi­
mately 0.1 mW I cm2 was used at both wavelengths. This light intensity 
generates a sufficiently large fluorescence signal for our intensified CCD 
camera. Set-up and image recording lasted at most 10 minutes per rat, so that 
the total fluence of the excitation light was at most 60 mJ/cm2, which does 
not cause photodynamic damage. 
Image system 
A fluorescence detection system adapted to the small dimensions of the rat 
palate has been constructed. A CCD video camera (HTH, The Netherlands) 
coupled to a two stage image intensifier was used for detection. Fluorescence 
was excited with the light source described above and detected through a band 
pass filter (670±50 nm, Omega, USA) transmitting light of both porphyrin 
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em1ss1on peaks. The resulting video signals were digitized by a PC-based 
frame-grabber (PC-Vision plus). The video images were averaged over 16 
frames to improve the signal to noise ratio and subsequently stored on 
computerdisk for further processing and analysis (Fig. 2). The system digitizes 
256x256 picture elements (pixels). Average grey scale values {max. 256) can be 
determined using an image processing software called TIM {Difa Measuring 
Systems B.V., Breda, The Netherlands). Care was taken to perform the 
measurement in the linear part of the sensitivity curve. 
Experimental procedure 
The autofluorescence signal of each rat palate was recorded prior to the 
injection of the photosensitizer. Subsequently Photofrin {2.5 mg/kg bw) was 
administered into a tail vein of the rat. This drug dose was derived from a 
study on normal tissue response of PDT to the normal rat palatal mucosa. 
The results of this study will be discussed in a forthcoming paper. All proce­
dures took place under reduced light levels ( < 30 µWI cm�, to avoid unwanted 
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Fig. 1. Jn vivo fluorescence excitation spectrum of HpD in rat tumor tissue 
measured at 690 nm emission, 24h after HpD injection (redrawn from Gijsbers et 
al.17�. Excitation wavelengths of 460 and 500 nm were chosen because they 
coincide with a local excitation minimum and maximum, respectively. Fluores­
cence intensities are depicted in arbitrary units. The arrows indicate the excita­
tion wavelengths used in this study. 
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hours after Photofrin administration. These time intervals for photo-detection 
were chosen in agreement with the most often used time intervals for photo­
dynamic therapy using Photofrin. Immediately after the last fluorescence 
images were recorded, the rats were sacrificed by an intracardial injection of 
sodium pentobarbital 5%. Subsequently, the palate was dissected and photo­
graphed in a standardized way to record the macroscopic appearance of the 
palatal mucosa and surrounding tissues. The dissected specimens were fixed in 
4% w/v formalin and decalcified for approximately 4 weeks in 25% w/v 
formic acid and 0.34 M trisodium citrate dihydrate. The degree of decalcifica­
tion was checked by X-ray analysis. After demineralization, the specimens 
were routinely processed and embedded in paraffin. Histological sections of 
seven µm thickness were cut on a microtome (Frigo-cut 2800, Reichert-Jung, 
Leica, Germany) in a sagittal plane. The sections wPre stained with hematoxy­








Fig. 2. Schematic drawing of the fluorescence detection system. Excitation light 
is obtained from a '1alogen lamp (Ha), passed through band pass filters (BPF-1). 
The filters (460±20 and 500±20) are fixed in a revolving filter wheel. Light is 
further guided through a liquid light guide to a lens (Ll). A long pass dichroic 
mirror (DM) reflects the light through a lens (L2). This creates a nearly parallel 
beam of light that is reflected by a mirror (M) to become perpendicularly 
incident on the intermolar area of the rat palate. The fluorescence light (dotted 
line) is reflected by the mirror, passes through L2, DM, and a detection filter 
(BPF-2) that passes light of 670± 50 nm. The fluorescence light is captured by an 
intensified CCD-camera. The video signals are digitized by a PC-based frame­
grabber and stored on disk for image analysis (IAS). 
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Image analysis 
Our plan was to improve contrast by subtraction of fluorescence images 
excited at two wavelengths, to reduce or eliminate autofluorescence. Real time 
subtraction of images, as performed by Baumgartner et al. 177 would be ideal, 
because this would allow optimization of contrast during the observation. This 
was not possible in our set-up. After subtraction of the two images some 
autofluorescence of palatum and molars remained, which could be due to 
differences in excitation light intensity and the different excitation and 
detection filters. By adjusting the excitation light intensity, it would have been 
possible to reduce the subtracted autofluorescence image to zero. However, for 
subsequent images recorded after injection of Photofrin, the animals had to be 
repositioned. To do this accurately appeared quite difficult and it was not 
certain that all distances were the same after each repositioning. A reference 
was needed and it was decided to normalize all images, for both excitation 
wavelengths and before and after injection of Photofrin, to the fluorescence of 
the molars. We assumed therefore that the autofluorescence of the molars 
would not be affected by the 4NQO application and that any Photofrin 
retained in the molars would show much less fluorescence than Photofrin in 
the palatal mucosa. This approximation is not ideal, since some palatal 
fluorescence remained, the level of which increased as the 4NQO application 
period increased (Fig. 4). In the present circumstances this appeared the best 
we could do, and this approximation produced a consistent set of data. 
The Epithelial Atypia Index (EAI) was used to measure histologically the 
degree of epithelial dysplasia of the palatal mucosa. This index involves the 
evaluation of 13 histological features, each of which is graded in a weighted 
category of severity. The EAI is the sum of these 13 scores and can vary 
between 0 (no dysplasia) and 75 (severe dysplasia).69 The EAI of the palatal 
mucosa was compared with the average grey scale values of the fluorescence 
images. 
RESULTS 
Macroscopic changes of the palatal mucosa 
During 4NQO induction of the dysplastic lesions and squamous cell carcino­
ma, the macroscopic changes of the rat palatal mucosa were found to be 
similar to those described earlier.87•230 Briefly, these changes are characterized 
by the following observations. Up to the eighth week of 4NQO application 
no gross macroscopic changes were observed at the palatal mucosa. From that 
time a change of color of the palate to a more whitish aspect was detected. 
This whitening is probably the result of an increased keratinization and mild 
thickening of the mucosa. The topography of the palatal rugae was hardly 
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disturbed. From that time on, the whitish thickening of the palatal mucosa 
increases and a slight loss of definition of the palatal architecture was observed. 
This loss of definition appeared as short ridges and papillary growths all over 
the palatal mucosa. The rugal topography however was still discernible. As the 
4NQO applications continued, this loss of definition gradually progressed. At 
week 26, exophytically growing epithelial lesions were observed. These lesions 
clinically presented as squamous cell carcinomas and were most pronounced in 
the gingival areas of the palate. Fig. Sa and 6a show the macroscopic appear­
ance of the intermolar area of the rat palate after 8 weeks and 20 weeks of 
4NQO application, respectively. 
Microscopic changes of the palatal mucosa 
Although no special precautions were taken to avoid inflammation no substan­
tial inflammatory reactions were present in the mucosa of the intermolar area. 
In a previous study87 we reported that in the 4NQO induced epithelial lesions 
macroscopical nor microscopical inflammation is a prominent feature. No 
histological PDT damage was expected or seen resulting from the fluorescence 
detection. The energy density of the excitation light as used in our study 
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Fig. 3. The mean Epithelial Atypia Index {EAI) at different periods of applica· 
tion of the carcinogen 4NQO to the rat palate. In the individual rats the EAI 
increased from "' minimum of 6 with 8 weeks of application to a maximum of 41 
after 26 weeks of 4NQO treatment. {Error bar-SEM). 
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tissue damage. The EAI of the 4NQO-untreated rats was zero, indicating a 
total absence of epithelial dysplasia. The mean EAI's of the palatal mucosa of 
the 4NQO-treated rats are presented in Fig. 3. The EAI showed a gradual 
increase from a minimum of 6 after a 4NQO application period of 8 weeks, 
up to an EAI of 41 in week 26. Initially, dysplastic changes of the epithelium 
were most pronounced in the gingival area of the palate. After longer applica­
tion periods of the carcinogen these changes spread over the entire palate. 
Statistical analysis using paired Student t-test revealed no statistically significant 
difference (p > 0.05) of the EAI of subsequent experimental groups (rats treated 
with 4NQO for 8, 12, 16, 20 or 26 weeks), but statistically significant differ­
ence (p < 0.05) was found between the groups when the interval was more 
than 4 weeks. In the group of rats that were treated with 4NQO for 26 weeks, 
both severe dysplasia and squamous cell carcinoma could be observed. Except 
for hyperchromatic nuclei and the presence of bizarre mitoses all other 
histological features of epithelial dysplasia were present. Almost all the 
histological features show a gradual increase as the 4NQO application period 
increased, both in number and in severity from none to slight to severe 
changes. A prominent histological feature in the 4NQO model is the presence 
of keratinization of cells below the keratinized layer, and the intra-epithelial 
formation of keratin pearls. 
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Fig. 4. The mean fluorescence intensity after dual wavelength subtraction of 
images as a function of the 4NQO application period. Fluorescence intensities are 
depicted in grey scale values. Images were recorded pre-injection, 24 and 48 hours 
after injection, resp. Photofrin dose was 2.5 mg/kg bw. (Error bar=SEM). 
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In vivo Photo-detection 
Fig. 5. a) shows the macroscopic appearance of the palatal mucosa of the rat 
treated with 4NQO for 8 weeks. b-d) shows the fluorescence of the intermolar 
area 24 hours after injection of Photofrin excited at 460 nm (b), 500 nm (c), and 
after subtraction of both wavelengths (d) . M indicates the left three molar teeth, 





In vivo Photo-detection 
Fig. 6. a) shows the macroscopic appearance of the palatal mucosa of the rat 
treated with 4NQO for 20 weeks. b-0) shows the fluorescence of the intermolar 
area 24 hours after injection of Photofrin excited at 460 nm (b), 500 nm (c), and 
after subtraction of both wavelengths (d) . M indicates the left three molar teeth, 
P=posterior, l= intermolar area. 
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Fluorescence analysis 
Fig. 4 shows the fluorescence intensity of the intermolar area of the 4NQO 
treated rats and the 4NQO-untreated control rats. The rats were treated with 
4NQO for 8, 12, 16, 20 or 26 weeks. Results were obtained after normaliza­
tion to the fluorescence of the molars and subsequent subtraction of the 460 
nm excited images from the SOO nm excited fluorescence images. The graph 
shows these results for images taken before injection, and at 24 hours and 48 
hours after injection of the sensitizer. An increase of the fluorescence intensity 
was found along with the duration of the application of the carcinogen in all 
the cases. In Fig. S the macroscopic appearance and fluorescence images of the 
intermolar area of a rat treated with 4NQO for 8 weeks are shown. Fig. Sa 
shows the macroscopic appearance of the palatal mucosa. Only slight structur­
al changes in gross anatomy of the palate can be observed. The EAI of this rat 
palate was 8 .  This score was mainly composed of slight increase of drop 
shaped rete ridges and slightly increased irregular stratification of the epitheli­
um. Fig. Sb-d shows the fluorescence intensity of the intermolar area 24h after 
injection of Photofrin (2.S mg/kg bw), excited with 460 nm (b), SOO nm (c), 
and after image subtraction (d). In Fig. 6 the macroscopic appearance and 
fluorescence images of the intermolar area of a rat treated for 20 weeks are 
shown. Fig. 6a depicts the palatal mucosa at 20 weeks of 4NQO application. 
Marked structural changes compared to the normal palatal mucosa and that 
after 8 weeks of 4NQO application (Fig. Sa) can be observed. Partial loss of 
the normal rugal appearance and thickening of the mucosa became evident. 
Multiple papillary growths can be found, but there is not yet clinical evidence 
for squamous cell carcinoma of the mucosa. The EAI of this rat palate was 24. 
This correlates with a moderate epithelial dysplasia showing among others 
drop shaped rete ridges, irregular epithelial stratification, keratinization of cells 
below the keratinized layer, markedly increased nucleo-cytoplasmatic ratio and 
a slightly increased mitotic activity. Fig. 6b-d shows the fluorescence intensity 
of the intermolar area 24h after injection of Photofrin (2.5 mg/kg bw), excited 
with 460 nm (b), SOO nm (c), and after image subtraction (d). As can be seen in 
Fig. Sd and 6d, which represent the subtracted fluorescenceimages, the applied 
background correction is able to remove the autofluorescence of the molars. 
The remaining fluorescence signal at 8 weeks (Fig. Sd) is mainly located in the 
gingival area of the palate, just beside the molars and in the region of the 
gingival sulcus. At 20 weeks (Fig. 6d), the remaining fluorescence signal can be 
seen throughout the whole intermolar area. Comparing the fluorescence 
images after 8 and 20 weeks of 4NQO application respectively, it was found 
that the fluorescence intensity of the intermolar area that was treated with 
4NQO for 20 weeks clearly exceeded the fluorescence intensity of the area 
treated with the carcinogen for 8 weeks. In both sets of fluorescence images, 
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the fluorescence signals excited at 500 nm wavelength were higher than those 
excited at 460 nm. When excited with light of 460 nm or 500 nm, the fluores­
cence of the molars is clearly visible. After subtraction of images, fluorescence 
signals of the mucosa remains, whereas the fluorescence of the molar teeth 
disappear. 
Fig. 7 shows a scatter plot combining the EAI of the 4NQO treated rats 
with the fluorescence intensity. The fluorescence signals are the result of two 
wavelength subtraction. Images were recorded pre-injection, 24 hours after and 
48 hours after injection of the sensitizer. All three time intervals show a 
positive correlation between EAI values and fluorescence intensity. Statistical 
analysis of these results using the paired t-test revealed a significant difference 
(p < 0.01) for both the fluorescence signals obtained 24 and 48 hours after 
injection compared with the fluorescence signals before injection of the 
sensitizer. This difference was found to be statistically significant for an EAI 
� 15 (p =0.01). No statistically significant difference was found between 
thefluorescence signals obtained 24 hours or 48 hours after injection of 
Photofrin, although there is a trend that the images recorded 48 hours after 
injection exceed those recorded 24 hours after injection of the photosensitizer. 
DISCUSSION 
Animal models 
In this study we present the results of in vivo fluorescence based photo­
detection of Photofrin in 4NQO-induced premalignant epithelial lesions and 
squamous cell carcinomas of the Wistar rat palatal mucosa. Most studies on 
fluorescence detection have been performed on transplanted tumors. Only a 
few papers exist on Photofrin induced fluorescence imaging of chemically 
induced premalignant lesions and squamous cell carcinomas of oral mucosa in 
vivo.180,18+188 
An advantage of a transplanted tumor model is the (mostly) well defined 
demarcation margins between tumor and normal tissue. This facilitates photo­
detection and defining tumor to normal tissue ratio's. However, transplanted 
tumors usually are not situated at sites where these tumors normally grow. 
Chemically induced tumors may be a better reflection of the human situation. 
The hamster buccal pouch is the most commonly used model for Photo­
detection of oral mucosa. In this model the carcinogen 9,10-dimethyl-1,2-
benzanthracene (DMBA) is used to induce lesions. The truly intra-oral nature 
of the involved tissue however is questionable and the cheek pouch is not 
subjected to the same environmental influences usually found in the oral 
cavity.31·JJ·86 The epithelium of the cheek pouch is considerably thinner than 
that of the mucosa! lining of the other parts of the oral cavity. Furthermore, 
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the hamster buccal pouch is an immunologically privileged site i.e., it will 
accept allogeneic grafts of both normal and neoplastic tissues. 19 
The 4-Nitroquinoline-1-oxide (4NQO) rat palate model overcomes most of 
these problems. The 4NQO model is well suited to present subsequent stages 
of epithelial dysplasia and finally squamous cell carcinoma. The induced 
lesions in the 4NQO model can be situated at a site that makes it possible to 
study effects in a 'normal' environment and to compare them with their 
human counterparts. The epithelial dysplasia of the rat palate (numerically 
expressed in EAI), showed an increase approximately proportional to the 
duration of the 4NQO application period (Fig. 3). This correlates well with 
other studies regarding the 4NQO model.79•81 The epithelial dysplasia of the 
4NQO model is histologically comparable to human epithelial dysplasia.36•87•229 
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Fig. 7. Scatter plot combining the fluorescence intensities (in grey scale values) 
with the Epithelial Atypia Indices (EAI) of the palatal mucosa rats. The palate 
was treated with 4NQO for 8, 12, 16, 20 or 26 weeks to induce different stages 
of dysplasia. Of each rat palate the EAI was determined. Fluorescence intensities 
were recorded at three time intervals, i.e. before injection of the sensitizer 
(Photofrin 2.5 mg/kg bw), 24 hours and 48 hours after injection of the sensitizer 
(p.i. -post injection). The fluorescence intensity as shown are the result of 
subtraction of fluorescence images excited at two wavelengths (460 nm and 500 
nm) to reduce the effect of autofluorescence. A statistically significant difference 
(p < 0.01) exists between the fluorescence intensities obtained before injection of 
the sensitizer and those at 24 or 48 hours after injection. There was no statistical 
difference between 24 and 48 hours after injection. 
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adjacent to the maxillary molars. Carcinomas mainly arise in this gingival area. 
Prolonged retention of the carcinogen in the gingival sulcus could explain this 
predilection. Furthermore, promotion of the carcinogenic effect could be 
caused by chronic irritation due to the impaction of hair, food and bedding 
material in the gingival sulcus.n,ss,si 
A drawback of the use of chemically induced lesions for Photo-detection is 
that hardly any comparison can be made between the induced lesion and 
surrounding normal tissues. The whole area where the carcinogen has been 
applied, shows changes (Fig. Sa and 6a). Models using chemically induced 
lesions however give the best opportunity to study different stages of dysplas­
tic changes during their development, and they can be studied in an environ­
ment which shows the greatest similarity with the human situation. A 
consequence of this is that therefore no sensitivity of the method can be 
established, and in order to do this a different set-up of the experiment is 
warranted. 
Photo-detection 
Besides a fluorescence excitation maximum for light around 400 nm, Photofrin 
also has other distinct excitation maxima and minima.178 We applied the 460 
nm Oocal minimum) and 500 nm Oocal maximum) excitation wavelengths 
(Fig. 1). 
As can be seen in Fig. 4 there is a clear trend showing that the fluorescence 
intensity of the intermolar area increases with the duration of 4NQO applica­
tion. The variation in severity of dysplasia of the palate also shows an increase 
during 4NQO application (Fig. 3). This is thought to be the major source of 
variation of the fluorescence signal, which also increases with the duration of 
4NQO application period. In the images excited with light of 460 nm or 500 
nm (before subtraction of images) it was found that the fluorescence signals of 
those recorded 24 hours after injection of Photofrin exceeded those at 48 
hours after injection, which exceeded those pre-injection. However, after 
subtraction of images, as can be seen in Fig. 4 the resulting fluorescence signals 
at 48 hours (except for those at 20 weeks) are always higher than at 24 hours. 
This effect was found to be related to a somewhat stronger decline in time of 
the fluorescence intensity excited with 460 nm than that excited with 500 nm. 
This observation corresponds with the in vivo uptake of T c-99m labeled HpD 
in induced mammary tumors in rats. In that study the average tumor to 
background ratio increased rapidly between 2 and 4 hours post-injection and 
remained fairly constant up to 24 hours, after which there was a gradual 
decline. 188 
The increased fluorescence at 8 weeks, seen in close proximity to the molar 
teeth is presumed to be the result of a higher EAI in this region of the 
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intermolar area. After 20 weeks of application of the carcinogen, epithelial 
dysplasia is observed throughout the whole intermolar area of the palate. The 
fluorescence images (Fig. Sd and 6d) represent this distribution and severity of 
EAI. 
Harris et al. 185 used the DMBA hamster buccal pouch model to study 
fluorescence. They did not report on preceding premalignant lesions. The 
greatest tumor to normal mucosa fluorescence ratio occurred at least two days 
after injection. This time course of tumor fluorescence agrees well with the 
time course in tumor concentration of radiolabelled HpD.1 13• 1 14 Fluorescence 
intensity of normal mucosa was at all times lower than that of the tumor and 
diminished more rapidly. 
Schneckenburger et al.186 found maximum fluorescence intensity in DMBA­
induced squamous cell carcinoma of the hamster buccal pouch about 24 hours 
after injection of 10 mg/kg HpD. But even after 22 days considerable porphy­
rin fluorescence was still detectable. 
Besides image based photo-detection systems, also the use of non image 
based in vivo fluorescence photometry systems has been studied. Crean et al.187 
and Mang et a/.180 described a non-imaging fluorescence photometry system. 
This system detects the 690 nm fluorescence excited simultaneously by 632.8 
nm and 612 nm light obtained from two HeNe laser systems. Both wave­
lengths are approximately as efficiently exciting background fluorescence, but 
the 632.8 nm laser is more efficient in exciting Photofrin fluorescence. Subtrac­
tion of fluorescence signals improves the delectability of Photofrin signals in 
the presence of background fluorescence. In both studies the DMBA hamster 
buccal pouch model was used. A Photofrin dose of 1 .0 mg/kg was used. 
Fluorescence was measured 24 hours after (i.p.) injection of the photosensitiz­
er. Results of both studies are comparable with our findings, as fluorescence 
intensity is proportional to duration of exposure to the carcinogen and, as 
described in our study, to the degree of dysplasia (EAI). However, as men­
tioned before, one of the benefits of photosensitizers is that they potentially 
can combine detection and therapy. A Photofrin dose and detection system as 
used in our study makes it possible to combine detection with subsequent 
treatment. 
In our study (as can be seen in Fig. 7) it was found that the fluorescence 
intensities 24 hours and 48 hours after injection of Photofrin increased with an 
increasing EAI. For an EAI larger than 15 there was a statistically significant 
difference between the fluorescence signals obtained with and without Photo­
frin. As stated earlier, the use of Photofrin for detection purposes is associated 
with generalized skin photosensitivity, due to retention of the photosensitizer 
in normal skin. As a result of that, patients injected with the photosensitizer, 
are advised to avoid exposure to bright light for about 6-8 weeks. In order to 
reduce skin photosensitivity, several authors have reduced the amount of 
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injected photosensitizer.179•180 Besides preventing generalized skin photosensitiv­
ity, a lower amount of photosensitizer can also possibly improve the fluores­
cence ratio by reducing the background fluorescence signal of the normal 
tissues. 
Instead of image based fluorescence detection systems, fluorescence spec­
troscopy could be used for tumor localizing purposes, because a spectrum 
contains more information than a broad band image. Ideally, a fluorescence 
detection system should combine imaging and spectroscopy. 
Autofluorescence 
As shown in our study there is an increase of the fluorescence intensity with 
increasing EAI, even without the use of the photosensitizer. For both excita­
tion wavelengths an increase of the autofluorescence was seen when the 
4NQO application period increased. The autofluorescence intensities at 500 
nm excitation were always higher than those excited at 460 nm. This is in 
contrast with the general notion that autofluorescence increases with decreas­
ing excitation wavelengths.223 Additionally, this difference in autofluorescence 
intensity seems to increase with increasing stages of epithelial dysplasia. 
Keratinization of cells below the keratinized layer and the formation of large 
keratin pearls is a prominent feature in the 4NQO induced epithelial dysplasia 
and squamous cell carcinoma of the rat palate. The degree of keratinization 
increases with increasing 4NQO application period. As keratin is known to 
produce high (auto) fluorescence signals, this increase in autofluorescence for 
increasing epithelial dysplasia of the oral mucosa could be utilized in the 
detection of premalignant epithelial changes. This could be a promising aspect 
of Photo-detection as the use of Photofrin for detection purposes has well 
known drawbacks. Tissue autofluorescence also has potential as a monitor of 
cancer patients and populations at risk for cancer of the oral mucosa. 183 Results 
of the studies using autofluorescence however are conflicting. An autofluores­
cence bronchoscope system has been described by Lam et al.18 1 and was used 
to detect early lung cancer. They found that the sensitivity in detecting 
(biopsy confirmed) dysplasia and carcinoma in situ of this fluorescence system 
was 50% greater than that of white light bronchoscopy. Ramanujam et al.182 
describes fluorescence spectra of laser-induced autofluorescence for the detec­
tion of CIN. This system could detect and differentiate histologically abnor­
mal tissues from colposcopically normal tissue with a high sensitivity, specifici­
ty, and positive predictive value. On the other hand, Sterenborg et al.227 
concluded that optical diagnostics of skin tumors using autofluorescence does 
not seem to be feasible at the present time. They found no specific fluores­
cence intensity distribution in benign or malignant skin lesions. Neither the 
shape of the fluorescence spectra nor spatial distribution of the fluorescence 
88 Chapter 6 
intensity showed a correlation with the histology of the lesions. However, 
their study was performed on skin lesions. Skin and skin lesions may have 
other optical properties than mucosa, especially the degree of keratinization of 
skin compared to mucosa (which is a non-keratinized epithelium) might 
greatly influence these results. 
In most autofluorescence studies relatively short excitation wavelengths 
obtained from a Nitrogen-laser (337 nm) are used. These wavelengths penetrate 
only the superficial layers (approximately 0.2 mm) of the tissue. Because of 
this extremely superficial penetration, fluorescence may be obtained from a 
layer that is not representative for the tumor. Furthermore, there is a risk of 
detecting false positives (e.g. strongly keratinized non malignant lesions). The 
wavelengths used in our study are able to penetrate deep enough into the 
tissues to avoid these problems. Nevertheless, the real value of autofluo­
rescence alone for detection purposes still has to be established by further 
studies. 
CONCLUSIONS 
From this study it can be concluded that Photo-detection with Photofrin has 
the potential of distinguishing chemically induced premalignant lesions and 
squamous cell carcinomas from normal rat palatal mucosa. Photofrin (2.5 
mg/kg bw) certainly adds to the sensitivity of Photo-detection, but autofluo­
rescence alone also is promising for detecting premalignant and malignant 
lesions of the oral mucosa. Detection systems are constantly improved. Ideally, 
one should probably obtain the emission spectrum of both autofluorescence 
and photosensitizer induced fluorescence, to have all the information available 
that can be useful to discriminate transformed from normal tissue. Induced 
skin photosensitivity however still forms a major obstacle for clinical Photo­
detection using Photofrin. Therefore, the use of autofluorescence for screening 
purposes in these patients has attractive features. Sensitivity and specificity of 
Photo-detection can only be further determined in a (multicentric) study 
involving a large number of patients. Therefore, the evaluation of Photo­
detection in a clinical setting will probably be performed using autofluo­
rescence (spectroscopy) or with a second generation photosensitizer with 
clinically acceptable side effects. A new photosensitizers such as Aluminum 
Phthalocyanine disulphonate (AlPcSJ seem to exhibit favorable properties for 
Photo-detection. A non phototoxic or weakly phototoxic tumor localizing 
drug would be even better. However, prospective clinical studies are needed to 
further define the real value of Photo-detection in oral oncology, with or 
without the use of photosensitizers. 
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ABSTRACT 
Photodynamic therapy (PDT) is a treatment modality with potential applica­
tion for premalignant lesions and squamous cell carcinoma of the oral mucosa. 
PDT in principle has dual selectivity. This may result from a 'preferential' 
retention of the photosensitizer in target tissue. In addition, the photodynamic 
activity will be limited to the irradiated area as PDT will not affect tissues in 
the absence of excitation light. The selectivity of PDT is limited by the fact 
that normal tissues also retain the photosensitizer to some degree, which 
makes these tissues susceptible to PDT damage. To optimize PDT for oral 
malignancies, a study was initiated on normal tissue response in rat palatal 
mucosa and surrounding anatomical structures. For this study 80 male Wistar 
rats were used. Photofrin was administered i.v. at four doses (0, 2.5, 5, or 10 
mg/kg bw). Irradiation for PDT was performed twenty-four hours later. An 
Argon-pumped dye laser system was used to produce light of two different 
treatment wavelengths (514.5 nm and 625 nm), and various energy density 
levels (0, 25, 50, 100 or 200 J/cm�. Early effects of PDT were studied at two 
days, late effects at two months after treatment. It was found that PDT, 24 
hours following i.v. administration of Photofrin, affects normal tissues of the 
oral cavity both macroscopically and microscopically. Combinations of 
photosensitizer doses � 5 mg/kg and light doses � 100 JI cm 2 caused severe 
and permanent damage to the palatal mucosa and adjacent normal structures 
such as palatal bone and dentition. 
Light scattering and internal reflection usually raise the fluence rate in 
tissue above the irradiance of the incident beam. In an additional study using 
six male Wistar rats, the energy fluence rate at two treatment wavelengths 
(514.5 nm and 625 nm) was measured ex vivo at the palatal mucosa and 
adjacent anatomical structures. As expected, the energy fluence rates were 
wavelength, tissue and depth dependent. At the air-mucosa boundary, light of 
625 nm was found to have a three times higher fluence rate than the primary 
incident beam. Under similar conditions the fluence rate of 514.5 nm was 
found to be less, but still twice as high as the primary incident beam. At 
deeper levels of the rat maxilla, fluence rates were still elevated compared to 
the incident beam. For 625 nm light this phenomenon was observed up to the 
level of the nasal cavity. These increased fluence rates could largely explain the 
pattern of damage to normal mucosa and surrounding anatomical structures. 
INTRODUCTION 
Photodynamic therapy (PDT) is a treatment modality with potential applica­
tion for premalignant lesions and squamous cell carcinoma of the oral mucosa. 
PDT is based on the dye-sensitized photo-oxidation of biological matter in the 
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target tissue. 1 10 The photosensitizers Hematoporphyrin derivative (HpD), or 
more commonly Photofrin (the semipurified version of HpD, enriched in the 
'active fraction') are frequently used for PDT. Currently, a number of photo­
sensitizers is tested clinically, but to date Photofrin is the only photosensitizer 
that has been approved for a limited number of indications in the USA, 
Canada, Japan and the Netherlands. The advantage of PDT over conventional 
surgical or radiotherapeutic treatment may be its potential dual selectivity. 
Selectivity may be obtained by a 'preferential' retention of the photosensitizer 
in target tissue. In addition, the photodynamic activity will be limited to the 
irradiated area as PDT will not affect tissues in the absence of excitation light. 
However, the selectivity of Photofrin is far from ideal, as normal tissue will 
also retain the photosensitizer to some extent and is therefore susceptible to 
PDT damage. 1 1 1 •1 13-1 15•231 Knowledge of the morphological alterations induced 
by PDT in the area of the tumor and in the region of the adjacent normal 
tissues is therefore important with respect to the early and late complications 
of PDT.232 Furthermore, it is important to determine the optimal combination 
of photosensitizer and light dose that will result in minimal or at least revers­
ible damage to the surrounding normal tissues. Proper knowledge of light 
dosimetry is therefore needed in order to compare, reproduce and predict the 
effects of PDT and to establish the factors that determine success or failure. 
However, little attention has been paid so far to light dosimetry in clinical 
PDT. 107•140-142 Most often the distribution of photosensitizer concentration in 
tissue remains unknown, and consequently the actual light dose absorbed by 
the photosensitizer will be unknown. In PDT of superficial tumors the 
incident power per unit area (:WI m� multiplied by the irradiation time is used 
to describe the light dose. In tissue the energy fluence rate can vary however, 
due to the phenomena of light scattering and internal reflection at tissue 
boundaries. In oral tissue there are potentially many boundaries which could 
influence the homogenous distribution of light, e.g. the air-mucosa, and 
mucosa-bone boundaries. Better knowledge of the distribution of light in the 
treated tissues can be obtained by calculations using a mathematical description 
of light propagation in tissue, using estimates of the scattering properties and 
optical absorption of the treated tissue, and by in vivo measurement of the 
fluence rate of light. 121•143-145 This may help to understand the treatment results. 
Red light in a range of 625-630 nm is most commonly used in clinical PDT 
with porphyrin based photosensitizers such as Photofrin. Although porphyrins 
have a low absorption at these wavelengths, this excitation wavelength is often 
chosen because of its increased optical penetration compared to light of 
shorter wavelengths. For PDT of small, superficially growing tumors the use 
of 514.5 nm green light might be preferred. The porphyrin molecule can be 
excited at a wavelength where it has a higher absorption and damage to 
anatomical structures beyond the target volume can be minimized.233-235 
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The aim of this article is twofold. Firstly, to describe the effect of PDT on the 
normal rat palatal mucosa and surrounding normal tissues. Various combina­
tions of photosensitizer and light doses at two different treatment wavelengths 
are compared in this study. Secondly, to describe the light fluence as a 
function of wavelength and site in the normal rat palate and adjacent anatomi­
cal structures, using the two most common excitation wavelengths for Photo­
frin excitation, and to compare this with the treatment results. 
MATERIALS AND METHODS 
Animals 
Eighty healthy, 6-8 weeks old male Wistar rats (CDL-Groningen, The Nether­
lands) have been used in this study. The rats were randomly divided into 2 
groups of 40 rats. One group was treated with light of 625 nm, based on the 
study of Star et al.121 and the other treated with light of 514.S nm. Each group 
of 40 rats was again randomly divided into 10 groups of four rats. Each group 
of four rats was treated with a different combination of photosensitizer dose 
and light dose (Table I). During administration of the photosensitizer and 
during photodynamic therapy, the animals were anaesthetisized with a 
combination of N20/0/Halothane. Approval for this study was obtained 
from the University Animal Experiments Committee (FCC-0472). 
Excitation light 
A tunable Argon pumped dye laser system (Spectra-Physics, 171 and 375B) was 
used to produce 514.S nm (green) light or 625 nm (red) light. The fluence rate 
of the incident beam for both wavelengths was 60 mW I cm2, and the light dose 
0-200 J/cm2 (Table I). A light delivery system was developed which enabled 
the delivery of light to an area of about 10 mm in diameter, corresponding 
with the intermolar area of the rat palate. 236 
Photodynamic therapy 
Each rat was photosensitized with either 0, 2.5, 5 or 10 mg/kg bw Photofrin 
(Quadra Logic Technologies, Vancouver, BC, Canada), by intravenous 
injection in the tail vein. The animals were housed under reduced light 
conditions to avoid unwanted photodynamic action. Twentyfour hours after 
administration of the photosensitizer, the palates were irradiated. From every 
treatment group, two rats were sacrificed 48 hrs after PDT and two after 2 
months, to examine both short and long term effects. The rats were sacrificed 
by an intracardial injection of sodium pentobarbital (Euthesate). 
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Table I. Summary of the treatment plan of the effect of PDT on normal rat palatal 
mucosa and surrounding anatomical structures. The irradiance of both treatment 
wavelengths (514.5 nm and 625 nm) was 60 mW I cm2 and the photosensitizer-light 
interval was 24 hours. Half of the animals of each treatment protocol were sacri­
ficed after two days to examine the short term effects. The remaining rats were kept 
alive up to two months after treatment to examine the long term effects. 
PROTOCOL NUMBER PHOTOFRIN INCIDENT LIGHT 
NUMBER OF RATS DOSE DOSE 
(mg/kg bw) CT/cmz) 
8 0 200 
II 8 2.5 200 
m 8 2.5 100 
IV 8 5 100 
v 8 2.5 50 
VI 8 5 50 
VII 8 10 50 
vm 8 5 25 
IX 8 10 25 
x 8 10 0 
Histological preparation 
The palate, including the surrounding hard and soft tissues, was removed in 
one piece and photographed. The specimens were fixed in 4% formalin and 
subsequently decalcified for approximately 4 weeks in 25% formic acid with 
0.34 M trisodium citrate dihydrate. The degree of decalcification was checked 
by X-ray analysis. The palates were dehydrated and embedded in paraffin. 
Histologic slides of 7 µ,m were cut transversely through the region of the 
second molar. The slides were stained with hematoxylin and eosin (HE) for 
examination by light microscopy. 
Macroscopic scoring system 
Changes in the macroscopic appearance of the dissected palates two days after 
PDT treatment were given a numerical score: 0 =no clinical effect, 1 =slight 
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erythema, 2 =marked erythema, 3 =ulceration or necrosis of the epithelium 
(focal), 4 =ulceration or necrosis of the epithelium (entire area), S=denuded 
bone. 
Subsequently, the macroscopic appearance of the palate two months after 
PDT was given a score: 0 =no clinical effect, 1 = epithelium intact, scar tissue 
Oocally), 2 =epithelium intact, scar tissue (entire area), 3 =ulceration or necrosis 
of the epithelium, 4=denuded bone Oocally), S =denuded bone (entire area). 
Microscopic scoring syst.em 
The histological changes were described using two grading systems. One 
described the short term histological effects (2 days after PDT), the other the 
long term histological effects (2 months after PDT). In both grading systems, 
effects seen in the mucosa, the palatal bone and in structures beyond the 
palatal bone were evaluated separately. Each item of both systems was given a 
numerical score which varied from 0 to 2 (O=no effect, 1 =slight effect, 
2=marked effect). The overall PDT induced damage score is summarized by 
adding up these individual scores. For the short term effects (2 days after 
PDT) the maximum possible score of this grading system was 54, for the long 
term effects (2 months after PDT) this was 42. 
Microscopic changes 2 days after PDT were examined for the following 
items: 
Mucosa: Edema, Hemorrhage, Parakeratosis, Partial or total necrosis of the 
epithelial layer, Vascular edema, Congestion or hemostasis of vessels, Vascular 
thrombosis, Vascular necrosis, Disruption of lamina elastica interna of arteries. 
Bone: Intra suture tissue hemorrhage, Intra suture tissue necrosis, Osteocyte 
necrosis, Bone marrow hemorrhage, Hematopoietic cell loss of bone marrow. 
Beyond mucosa: Edema, Hemorrhage, Vascular edema, Congestion or hemosta­
sis of vessels, Vascular thrombosis, Vascular necrosis, Disruption of lamina 
elastica interna of arteries, Dental pulp necrosis, Increased degranulation of 
Goblet cells, Cell necrosis of sinal epithelium, Necrosis of the lacrimal gland. 
Microscopic changes 2 months after PDT were examined for the following 
items: 
Mucosa: Irregular distribution of rete ridges, Epithelial isles or cysts, Scar 
tissue, Foreign body reaction in mucosa, Hypertrophy of vessel wall, Vascular 
recanalization, Vascular proliferation, Neuronal proliferation, Loss of palatal 
artery and vein, Loss of palatal nerve. 
Bone: Palatal bone remodelling, Loss of palatal bone. 
Beyond mucosa: Scar tissue, Hypertrophy of vessel wall, Vascular recanaliza­
tion, Vascular proliferation, Neuronal proliferation, Dental hard tissue 
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resorption, Ankylosis of root, Irregular dentin formation, Hyperplasia of sinus 
epithelium. 
Dosimetry experiment 
Due to the small dimensions of the rat oral cavity it was found impossible to 
perform dosimetry measurements in vivo. Therefore, these measurements were 
performed ex vivo (i.e. immediately after dissection of the palate and surround­
ing structures). In this dosimetry experiment six male Wistar rats were used. 
An isotropic probe (i.e. a fiber optic light detector with omnidirectional 
uniform response) of 0.8 mm diameter was calibrated in a parallel beam of 
light (514.5 nm and 625 nm wavelength) with an irradiance of 100 mW/cm2• 
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Fig. 1. Schematic drawing of the mucosa, hard palate and surround· 
ing structures of the rat maxilla, at the level of the second molar in a 
sagittal plane. The sites where the fluence measurements were taken 
are indicated. These include: (A) on the air-mucosa boundary, (B) at 
the mucosa-bone boundary, (C) in the nasal cavity, (D) in the lacri­
mal gland in close proximity to the molar teeth, (E) in the lacrimal 
gland, close to the brain. 
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This beam of 10 mm diameter was then directed to the palate simulating the 
light beam of the light delivery system as used in the PDT experiments. 
Because of differences in isotropic probe response in tissue after calibration in 
air due to differences in refractive index, the readings of the probe were 
corrected by a factor of 1 .65 when the probe was completely surrounded by 
tissue, and by a factor of 1 .15 when partly surrounded by tissue and partly by 
air. 237•238 Fig. 1 shows a schematic drawing in a sagittal plane through mucosa, 
hard palate and surrounding structures of the rat maxilla, at the level of the 
second molar. The various sites of the palatal mucosa and surrounding 
structures where the light fluence measurements were taken are indicated. 
These include: (A) the air-mucosa boundary, (B) the mucosa-bone boundary, 
(C) in the nasal cavity, (D) in the lacrimal gland in close proximity to the 
molar teeth, (E) in the lacrimal gland close to the brain. In order to estimate 
the influence of internal reflection by bone, and to simulate the clinical 
situation when palatal bone is lost due to tumor invasion, the epithelium of 
the intermolar area was dissected. 
Measurements were taken on top of and underneath this dissected mucosa 
specimen (on a black non-scattering background), directly on the denuded 
palatal bone, and in the nasal cavity. Comparing the results of the measure­
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Fig. 2. Diagram showing the results of the isotropic probe measurements of the 
energy fluence rates of 5 14.5 nm and 625 nm excitation light at various sites of 
the oral cavity and surrounding structures, with the palatal mucosa in situ. The 
fluence rate of the primary incident beam (calibrated in air) was 100 mW /cm2• 
The beam diameter was 10 mm. 
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where the palatal mucosa was dissected and placed on a black background 
yields an estimate of the portion of the light that is reflected by the palatal 
bone back into the mucosa and the light that is scattered by the mucosa only. 
RESULTS 
During follow up the rats were weighed twice a week. After an initial slight 
loss of weight during the first week after treatment, all rats showed an 
increased weight, but no correlation was found between weight and treatment 
parameters. 
Dosimetry 
Fig. 2 shows a line diagram of the fluence rates of the rat palatal mucosa and 
surrounding structures for both excitation wavelengths. The measurements 
plotted in this graph were taken with the mucosa! layer in situ. 
The fluence rates at 625 nm were always higher than those of 5 14.5 nm, 
and found to be significantly different in a paired Student t-test (p < 0.05). At 
the surface of the mucosa the fluence rate at 625 nm was almost three times 
higher than that of the primary incident light beam. At the mucosa-bone 
boundary the fluence rate was more than 2.5 times higher. Light of 514.5 nm 
has a more than 2 times higher fluence rate at the surface of the mucosa, and 
at the mucosa-bone boundary still exceeds the irradiance of the incident beam. 
In Table II the actual fluence rates and additional measurements taken after 
dissection of the palatal mucosa are shown. Overall results indicate that both 
mucosa and palatal bone contributed considerably to light scattering and 
internal reflection. The measurements taken after dissection of the palatal 
mucosa showed that the average fluence rate of 514.5 nm light at the mucosa­
air boundary was about 0.8 times the value measured when the palatal mucosa 
was still attached to the palatal bone. Under similar conditions the average 
fluence rate of 625 nm light was about 0.7 times the value measured with the 
palatal mucosa still attached to the palatal bone. Measurements underneath the 
dissected palatal mucosa also revealed an decrease of the actual fluence rate of 
0.8 and 0.7 times for 514.5 nm and 625 nm respectively. 
Macroscopic changes 
Fig. 3a-b depicts the mean overall macroscopic damage score two days after 
treatment of the normal palate with various combinations of photosensitizer 
and light doses for both treatment wavelengths. As expected, the effect on the 
normal palate and surrounding structures of the oral cavity was found to be 
both sensitizer and light dose dependent. Higher sensitizer doses and higher 
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Table II. Isotropic probe measurements of the fluence rates of light of 5 14.5 nm and 625 nm 
at various sites of the rat oral cavity and surrounding structures. The fluence rate of the 
primary beam (calibrated in air) was 100 mW /cm2• Measurements were taken both before 
and after dissection of the palatal mucosa, to examine the specific influence of mucosa and 
bone on the fluence rates. (A-E corresponds with the sites as depicted in Figure 1) . 
Primary light beam (in air) 
Before di.ss«tion of the palatal mucosa 
(A) Air-mucosa boundary 
(B) Mucosa-bone boundary 
(C) Nasal cavity 
(D) Lacrimal gland-near molars 
(E) Lacrimal gland-near brain 
Aftt!T di.ss«tion of the palatal mucosa 
At the mucosa 
(black background) 
Under the mucosa 
(black background) 













































light doses resulted in more damage than the combinations in which lower 
drug or lower light doses were used. Except for one rat, in which locally 
denuded bone was evident, the most severe damage of the mucosa presented as 
ulceration or necrosis with hemorrhage and edema of the entire treated area. 
When no sensitizer or no light was applied no clinical damage of the mucosa 
of the intermolar area was observed. Two days after PDT no real difference 
was observed in the amount of macroscopic damage between the two treat­
ment wavelengths. In Fig. 3c-d the mean overall macroscopic damage score at 
two months after treatment is shown. For most of the combinations of 
sensitizer-light doses, the epithelium of the intermolar area had macroscopical­





























Fig. 3. The overall macroscopic damage scores 2 days and 2 months after PDT. a) 2 days after PDT, at 5 14.5 nm. b) 2 days after PDT, at 
625 nm. c) 2 months after PDT, at 514.5 nm. d) 2 months after PDT, at 625 nm. The X-axis represents the light dose in J/cm2, the Y-axis 
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Fig. 4. The overall microscopic damage scores 2 days and 2 months after PDT. a) 2 days after PDT, at 514.5 nm. b) 2 days after PDT, at 
625 nm. c) 2 months after PDT, at 5 14.5 nm. d) 2 months after PDT, at 625 nm. The X-axis represents the light dose in J/cm2, the Y-axis 
the damage score, and the Z-axis the Photofrin dose in mg/kg bw. 
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scar tissue was evident. In these cases the appearance of the normal anatomy 
of the intermolar area was disturbed. The rugal pattern had disappeared and 
the palatal mucosa gave a more whitish, dense impression in which the 
underlying palatal blood vessels were no longer visible. In three rats the 
epithelial integrity was disturbed, with the denuded palatal bone clearly 
visible. Two of these rats were treated with 625 nm, one with 514.5 nm, all in 
protocol IV. The absence of photosensitizer or light at the initial treatment 
caused no observable damage, with a no:mal macroscopic appearance of the 
palatal mucosa. Overall, no apparent differences were found between the two 
treatment wavelengths in the amount of macroscopic damage at two months. 
Microscopic changes 
Fig. 4a-b shows the mean overall microscopic damage score of the effect of 
PDT on the normal palate and surrounding structures of the rat oral cavity, 
two days after treatment. The overall damage effect of light of 625 nm 
exceeded that of light of 514.5 nm. For both excitation wavelengths this 
overall effect increases with increasing Photofrin dose as well as with increas­
ing light dose. It was mainly because of effects on structures beyond the 
palatal bone that the damage score of light of 625 nm exceeds that of 514.5 
nm. As expected, the highest Photofrin dose (10 mg/kg) used in this study, 
caused no measurable effect in the absence of light (protocol X). On the other 
hand, a high dose of light (200 J/cm2) in the absence of the photosensitizer 
(protocol I), resulted in a small but distinctive amount of damage. This effect 
was present for both wavelengths and was noticed only in structures beyond 
the palatal bone (i.e. epithelium of the nasal sinus and lacrimal gland). 
Fig. 4c-d shows the mean overall microscopic damage score 2 months after 
PDT. At this time point, in contrast to the effects seen at 2 days after PDT, 
the tissue damage of light of 5 14.5 nm exceeds that of 625 nm. The minor 
damage caused by light alone, as observed at two days, was not present at two 
months. Increasing the drug dose or the light dose resulted in more permanent 
damage at two months. When damage to mucosa, palatal bone and structures 
beyond the palatal bone were judged separately, it was found that especially 
the long term damage to the mucosa contributed to the overall conclusion that 
the effect of light of 514.5 nm exceeds that of 625 nm. Most striking differ­
ences between the mucosa scores of both wavelengths were found in protocols 
II and ill. 
One of the presumptions of PDT is that damage to normal tissues should 
be at least reversible. However, it was found that several combinations of 
photosensitizer and light doses resulted in permanent tissue damage (Fig. 5). 
This permanent damage was found to be sensitizer, light dose and wavelength 
dependent. For both wavelengths a marked loss of the palatal bone was found 
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in the protocols IV and VI. In other combinations of sensitizer and light doses 
(except protocols I and X) bone remodelling or partial loss of the palatal bone 
was apparent. At two months the effect of light of 514.5 nm on bone slightly 
exceeded that of 625 nm. Damage to molar teeth was found for both wave­
lengths. Damage was composed of resorption of dental hard tissues, ankylosis 
of the root (i.e. a bony attachment of the root with the surrounding alveolar 
bone, indicating regeneration after previous damage to the periodontal 
ligament), and the formation of irregular dentin. 
For both wavelengths (except in protocols I, V, and X), damage to the 
dental hard tissue was evident. No apparent difference existed for the degree of 
damage of the dental hard tissues induced by either wavelength. Furthermore 
it was found that in all cases (except in protocols I, V, and X) epithelial 
inclusion cysts were found within the regenerated epithelium (Fig. 6). 
DISCUSSION 
In order to treat premalignant epithelial lesions and squamous cell carcinoma 
of the oral mucosa with PDT, it is important to understand the effects on 
normal tissues. Sparing or at least regeneration of normal tissue is necessary in 
order to preserve function. Not only is it important to assess the 'treatment 
window' (the range of optimal combinations of sensitizer and light doses), but 
also to understand the light distribution in tissues, to gain more knowledge of 
factors that lead to tissue effects. Among the large number of PDT studies, the 
effect on normal tissue and light distribution has received relatively little 
attention. 121,239.243 
Light dosimetry 
Light scattering and internal reflection strongly influence the energy fluence 
rates in different tissues. The results of our experimental study on the fluence 
rates in normal rat palates show that the distribution of light in oral tissue is 
far from homogenous. Palatal mucosa and palatal bone influence the fluence of 
514.5 nm and 625 nm light. Energy fluence rates at the air-mucosa boundary 
were found to be twice as high for 514.5 nm light and even three times as 
high for 625 nm light, relative to the primary incident beam with an ir­
radiance of 100 mW I cm2• The fluence rates of 625 nm light were always 
higher than those of the 514.5. This was expected as the absorption and 
scattering properties of tissue for green light is different from those of red 
light, and longer wavelengths can penetrate deeper in tissues. 
The conclusions of our study are in accordance with those of Star and 
Marijnissen et a/.107•143•244•245 At several tissue surfaces (chicken muscle, rhabdo­
myosarcoma, dog bladder) they found actual fluence rates that were two to six 
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Fig. 5. Some typical examples of the histological appearance of the rat palatal 
mucosa after PDT. a) Normal, untreated palatal mucosa. E=epithelial layer of 
the palatal mucosa, S =submucosa, P=palatal bone, and M=molar. (HE, 40x). b) 
2 days after PDT. Treatment parameters: 625 nm, 5 mg/kg, 100 J/cm2• Com­
plete loss of epithelium, bacterial overgrowth in submucosal tissue and around 
vessels. Severe periosteal edema. N =necrotic epithelial layer. (HE, 40x). 
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Fig. 5. {cont'd) c) 2 months after PDT with more or less reversible damage. 
Treatment parameters: 5 14.5 nm, 5 mg/kg, 50 J/cm�. The palate shows a 
normal intact epithelium with normal hyperkeratosis. The submucosa consists of 
a dense collagen rich tissue (scar tissue) with epithelial islands within the 
submucosa. ST=scar tissue in the submucosa, X=epithelial islands and epithelial 
cyst in the submucosa. (HE, 40x). d) 2 months after PDT with irreversible 
damage. Treatment parameters: 625 nm, 5 mg/kg and 100 J/cm�. Note the 
marked loss (BL) of palatal bone. (HE, 40x). 
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times higher than the primary incident beam. Light of 630 nm gave higher 
actual fluence rates than 514.5 nm light. In human whole bladder wall PDT 
(630 nm) revealed a true light fluence (i.e. non-scattering incident light plus 
scattered light) almost five times larger than the non-scattered incident light 
fluence. In rat ears, Star et al. 121 found the actual light energy fluence to be 
higher than the incident fluence. These actual fluence rates correlated with the 
relative biological effect rather than with the incident fluence. 
The results of our dosimetry study clearly indicate that an incident light 
beam with an energy fluence of 100 mW I cm 2 at the mucosa results in a true 
energy fluence rate which is twice as high for light of 514.5 nm and three 
times as high for light of 625 nm. Other structures in close proximity to the 
palatal mucosa e.g. dentition, nasal cavity and lacrimal gland therefore received 
higher doses of light. In this study these increased fluence rates contribute 
considerably to PDT induced damage of normal anatomical structures. The 
fluence rate data largely explain the damage pattern seen in this study. 
Normal tissue effects 
Knowledge of the morphological alterations induced by PDT, not only in the 
area of the tumor but also in the region of the adjacent normal tissue is 
important with respect to the early and late complications of PDT.232 The 
mechanism of accumulation of photosensitizers in tumor tissue is still largely 
unknown. Autoradiographic studies using [14C]- and [3H]-labeled porphyrins 
have demonstrated photosensitizer uptake in normal tissue.17•1 1J.1 15 As normal 
tissue will also retain the photosensitizer to some extent, it will also be 
susceptible to PDT. The feasibility of clinical PDT is, among others, deter­
mined by the response of normal tissue adjacent to tumor tissue. The ideal is 
to find an optimal therapeutic window, combining photosensitizer dose and 
light dose. Treatment under these parameters should lead to tumor destruction 
with only limited or at least reversible damage to the surrounding tissues. As 
seen in our study, two days after PDT the effect of 625 nm light exceeds that 
of 514.5 nm, due to damage of structures beyond the mucosa. At two months, 
these effects are reversed, caused by permanent damage of the mucosa! layer. 
Dosimetry experiments in mucosa and structures beyond the mucosa revealed 
that actual fluence rates of 625 nm light were higher than those of 514.5 nm. 
Although light of 625 nm penetrates deeper into tissue, the increased absorp­
tion of 514.5 nm apparently results in more permanent damage (at a smaller 
tissue volume). The observation that light alone resulted in distinctive damage 
two days after PDT can be explained by the presence of endogenous por­
phyrins. For example, the Harderian gland, a lipid secreting gland in the 
orbita in rodents C£>ntains a large amount of endogenous porphyrin.246 
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Fig. 6. Histological appearance of the long term (2 months after treatment) 
specific damage of the rat palatal mucosa and surrounding tissues. a) Under a 
normal intact epithelium with normal hyperkeratosis epithelial islands (inclusion 
cysts) with sebaceous differentiation and complete loss of the palatal vessel and 
nerve bundle can be noticed. X=inclusion cyst, BL=palatal bone loss. Treatment 
parameters: 5 14.S nm, 5 mg/kg, 100 J/cm2• (HE, 64x). b) Marked loss of palatal 
bone. BL=palatal bone loss. Treatment parameters: 625 nm, 10 mg/kg, 50 J/cm2• 
(HE, 64x). 
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Only a few studies describe the effect of PDT with Photofrin on normal 
tissues of the oral mucosa. Treatment protocols used in these studies differ 
from ours, so that it is difficult to find analogies in PDT induced normal 
tissue damage. 
Biel et al.241 studied the effect of PDT (630 nm) with Photofrin (2 mg/kg) 
and various (incident) light doses (20, 50, 80, 100, and 125 J/cm2) in normal 
tissues of the oral cavity and larynx in dogs. Similar to what is described in 
this paper, the effects appeared to be tissue and light dose dependent. The 
tongue was found to be more susceptible to PDT than cheek or larynx. The 
degree of edema was found to be proportional to the degree of vascularization 
of the organ. Light doses of up to 50 J/cm2 gave reversible damage, which 
c 
Fig. 6. (cont'd) Histological appearance of the long term 
(2 months after treatment) specific damage of the rat 
palatal mucosa and surrounding tissues. c) Damage to 
dental hard tissue and dental pulpa. Root resorption (R) 
and•formation of irregular dentin (I) can be seen. Treat­
ment parameters: 625 nm, 5 mg/kg, 50 J/cm2• (HE, 64x). 
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resulted in complete healing of the tongue by 7 weeks. A light dose greater 
than 80 J/cm2 resulted in permanent ulcerations with muscular fibrosis. The 
cheek mucosa was more resistant and tolerated treatments of up to 125 J/cm2 
with minimal permanent tissue damage. These results are in accordance with 
our results, where a combination of photosensitizer dose and light dose � 5 
mg/kg and � 100 J/cm2 resulted in distinct permanent damage. Due to the 
smaller dimension of the rat oral cavity, in our study damage to several 
anatomical structures beyond the mucosal layer were observed. 
Monnier et al.242 studied PDT, 72 hours after injection of Photofrin (2-3 
mg/kg bw.), in normal buccal mucosa in humans. Light doses varied from 60-
240 J/cm2 (50-200 mW/cm�. Thermal effects were ruled out. A control group, 
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Fig. 6. (cont'd) Histological appearance of the long term 
{2 months after treatment) specific damage of the rat 
palatal mucosa and surrounding tissues. d) Revasculariza­
tion of the palatal artery (R) and proliferation of the 
palatal nerve (N) due to previous damage. Treatment 
parameters: 514.5 nm, 10 mg/kg, 25 J/cm2• {HE, 160x) .  
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that was irradiated with a light dose of 240 J/cm2, but received no Photofrin, 
showed no necrosis of the buccal mucosa. Four days after PDT all Photofrin 
treated patients showed necrosis of the irradiated normal buccal mucosa. 
Superficial necrosis was induced with light doses as low as 60 J/cm2• 
CONCLUSIONS 
Internal reflection and light scattering have a strong influence on the true light 
fluence in tissue. Normal tissues do retain the photosensitizer and are suscepti­
ble to PDT. The amount of PDT-induced damage was found to be photosensi­
tizer and light dose dependent. 
An additional aim of this study was to define a treatment window for PDT 
of chemically induced dysplastic lesions and squamous cell carcinoma of the 
rat palatal mucosa. In this study, combinations of photosensitizer � 5 mg/kg 
and light � 100 J/cm2 resulted in a distinct permanent damage. As damage to 
normal tissues should be at least reversible, these values define the upper limits 
of the treatment window. Furthermore, the use of light of 514.5 nm seems to 
be more appropriate for PDT of superficial mucosa! lesions than 625 nm, as it 
is capable to adequately excite porphyrin without damaging structures at 
deeper levels. In humans the dimensions in the oral cavity are much larger 
than in rats. Therefore, the effects of depth of penetration to surrounding 
anatomical structures, will be far less devastating than those described in this 
study. Nevertheless, this study shows that anatomical structures beyond the 
target volume are prone to permanent PDT damage. Phenomena such as the 
occurrence of epithelial inclusion cysts, ankylosis of teeth, pulp necrosis, and 
necrosis of bone seriously complicate clinical application of PDT in the oral 
region. Additional in vivo PDT studies are therefore needed to further 
establish optimal treatment protocols and to define the true merit of PDT in 
the treatment of premalignant and malignant lesions of the oral mucosa. 
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ABSTRACT 
The current curative treatment of choice of squamous cell carcinoma of the 
oral mucosa is surgical excision, radiotherapy, or the planned combination of 
these two modalities. Both can have consequences regarding the posttherapeu­
tical morbidity. Photodynamic therapy (PDT) is an experimental cancer 
therapy that might be applicable as an alternative for the treatment of squa­
mous cell carcinoma of the oral mucosa. PDT is based on dye-sensitized 
photo-oxidation of biological matter in the target tissue and involves a 
photosensitizing agent in combination with the local application of visible 
light. The potential advantage of PDT over surgery or radiotherapy is its dual 
selectivity. Selectivity is obtained by preferential retention of the photosensi­
tizer in target tissue. Furthermore, the photodynamic activity is limited to the 
irradiated area as PDT will not affect tissues in the absence of either excitation 
light or photosensitizer. 
We investigated the applicability of PDT as a new treatment modality in 
oral oncology. Different stages of epithelial dysplasia and ultimately squamous 
cell carcinoma were induced in the intermolar area of the Wistar rat palatal 
mucosa by repeated application of the carcinogen 4-Nitroquinoline-1-oxide 
(4NQO). PDT was performed 24 hours after i.v. injection of 2.5 mg/kg of the 
photosensitizer Photofrin, using 100 J/cm2 incident light, at two wavelengths 
(514.5 nm or 625 nm). This dosage scheme was based on a previous normal 
tissue PDT study. Both short term effects (two days) and long term effects 
(two months) were investigated. 
Two days after PDT the majority of rats macroscopically showed a marked 
erythema of the entire palatal region. For both treatment wavelengths this 
damage pattern was comparable. Treatment effects were only seen in the 
intermolar area. Microscopically all of the rats showed edema, hemorrhage, 
and necrosis of the epithelium of the intermolar area. The long term results 
(two months after PDT) were not favourable. Microscopically no evidence of 
disease was found in 6 out of 20 rats in the 514.5 nm group and in 2 out of 20 
rats of the 625 nm treated group. Epithelial dysplasia was found in 14 out of 
20 rats in the 514.5 nm group, and in 18 out of 20 rats of the 625 nm treated 
group. Squamous cell carcinomas were found in 4 out of 20 rats treated with 
514.5 nm and in 7 out of 20 rats in the 625 nm treated groups. Comparing 
both treatment wavelengths, better results were obtained in the 514.5 nm 
groups as this wavelength gave less normal tissue damage. Based on the results 
of this study we discuss the efficacy of PDT for the treatment of 'field 
cancerization' of the oral mucosa and the qualities of this animal model. 
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INTRODUCTION 
Surgery, radiotherapy, or the planned combination of both modalities are 
currently the curative treatment of choice for squamous cell carcinoma of the 
oral mucosa. Both have specific drawbacks. Surgical treatment has the disad­
vantage of loss of tissue, which can result in postoperative dysfunction and 
aesthetic problems. In order to obtain oncologically safe margins in a region 
where the functional margins are small, relatively much unaffected tissue has 
to be excised. Radiotherapy is limited because of its cumulative effect. A 
curative dose of radiotherapy can only be given once to the same target 
volume. Patients treated for a squamous cell carcinoma of the oral cavity have 
an increased risk for the occurrence of a second primary tumor in this region. 
This risk is approximately 20%.12 Radiotherapy should therefore, if possible, 
be saved for future treatment. Furthermore, radiotherapy in the oral region 
can cause a series of specific side effects, such as mucositis, taste loss, xerosto­
mia, radiation caries, soft tissue necrosis, osteoradionecrosis and the risk of 
tumor induction. 13•15 
A more selective local therapy with less side effects and at least the same or 
even better cure rates for treatment of dysplastic lesions and small, superficial­
ly growing squamous cell carcinomas could thus be of great value in head and 
neck oncology. Photodynamic Therapy (PDT) might be such a new therapeu­
tic modality. 16•247•248 PDT is based on dye-sensitized photo-oxidation of biologi­
cal matter in the target tissue. 1 10 After systemic administration of a photosensi­
tizer and local irradiation of the tumor area with a proper light dose of a 
suitable wavelength, most commonly 24-72 hours after injection of the 
photosensitizer, a photochemical reaction causes tumor tissue damage. The 
photosensitizer is thought to be preferentially retained in premalignant and 
malignant tissue, compared to the surrounding normal tissue. 249 
The potential advantage of PDT over conventional surgical or radiothera­
peutic treatment is its dual selectivity. Firstly, selectivity may be obtained by 
the retention of the photosensitizer in target tissue, and secondly, the photo­
dynamic activity is limited to the illuminated area as it will not affect tissues 
in the absence of excitation light or photosensitizer. Another advantage may 
be that tissues appear to heal with little scar formation. 104 PDT does not seem 
to have a cumulative effect, so that it can be applied repeatedly in the same 
area. 
Why photosensitizers are retained in tumor tissue is still not fully under­
stood. Furthermore, retention of a photosensitizer is not limited to tumor 
tissue alone. 17• 1 13•1 15 The ratio between photosensitizer concentration in tumor 
and normal tissue is often not larger than two or three.17 Therefore, normal 
tissue will also be susceptible to PDT induced damage. 
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Activating light in the range of 625-630 nm wavelength is most often used in 
PDT because of its favourable tissue penetrating properties. For PDT of 
superficial lesions the use of 514.5 nm light has been suggested, as tissue 
penetration at this wavelength should be sufficient. 233•234 
The aim of this study is to investigate the efficacy of PDT, at two activation 
wavelengths, for the treatment of premalignant epithelial lesions and squamous 
cell carcinomas of the oral mucosa. In most preclinical PDT studies transplant­
able tumor models have been used. For our purpose a model in which tumor 
tissue was locally induced was considered more realistic. A rat palate model 
was therefore used where premalignant lesions and squamous cell carcinomas 
are induced by repeated application of the carcinogen 4-Nitroquinoline-1-oxide 
(4NQO). 
MATERIALS AND METHODS 
Animal model and tumor induction 
Eighty 6-8 weeks old male Wistar rats were used in this study. The rats were 
housed in Macrolon cages at a 12/12 hours day-night cycle and were fed with 
standard rat pellets and tap water ad libitum. The carcinogen 4-Nitroquinoline-
1-oxide (4NQO) (Sigma, St.Louis, USA), 0.5% w/v in propylene glycol, was 
applied three times a week to the palatal mucosa of the rats. Briefly, a rat was 
anaesthetized with a mixture of nitrous oxide, oxygen and HalothaneR (5%). 
The oral cavity was dried with a cotton bud, after which the carcinogen was 
applied to the palatal mucosa with a small paint brush in a single-stroke 
rotating movement. The first two hours after application of the 4NQO, water 
was withdrawn from the cages to minimize dilution of the carcinogen. The 
rats were randomly divided into five equal groups of 16 rats. To induce 
different stages of epithelial dysplasia and ultimately squamous cell carcinoma, 
4NQO was applied for: 8, 12, 16, 20 or 26 weeks. Application of the carcino­
gen shows a consistent time pattern of development of epithelial dysplasia and 
ultimately squamous cell carcinoma. 35•36•87•250•251 The degree of epithelial dyspla­
sia can be quantified using the Epithelial Atypia Index (EAI), first described by 
Smith and Pindborg.69 In a previous study230 it was shown that 4NQO 
application for 8 weeks results in an EAI of approximately 8 (which corre­
sponds with mild dysplasia, 12 weeks in an EAI of approximately 10 (mild 
dysplasia), 16 weeks in an EAI of 17 (mild to moderate dysplasia), 20 weeks in 
an EAI of 20 (moderate dysplasia) en 26 weeks 4NQO application results in 
an EAI of approximately 35 (moderate to severe dysplasia) and focal areas with 
squamous cell carcinoma. Approval for this study was obtained from the 
Groningen University Animal Experiments Committee (FCC-0472). 
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Photodynamic therapy 
Each rat was photosensitized with 2.5 mg/kg bw Photofrin, (Quadra Logic 
Technologies, Vancouver, BC, Canada), administered intravenously. After 
injection the rats were housed under reduced light conditions to avoid unwant­
ed photodynamic action. Twentyfour hours after injection of the sensitizer the 
palates of all the animals were irradiated with an incident light dose of 100 
J/cm2 at an irradiance of 60 mW/cm2• This drug-light dose combination was 
based on the results of a previous study on Photofrin mediated normal tissue 
damage.252 Using this combination, PDT induced normal tissue damage was 
found to be within acceptable limits. Another consideration for this drug dose 
was that, as stated in the literature, a low drug dose might improve the 
therapeutic ratio.139 
Based on the study of Star et al.121 half the number of the rats were treated 
with light of 625 nm wavelength, the other half was treated with light of 514.5 
nm. A tunable Argon pumped dye laser system (Spectra-Physics, 171 and 
375B) produced both wavelengths. A system was developed which enabled the 
delivery of light to an area of the palatal mucosa! surface of about 10 mm in 
diameter, overlapping the entire intermolar area of the rat palate.236 
To study the short term effects, from each treatment group half of the rats 
were sacrificed 48 hours after PDT, by an intracardial injection of sodium­
pentobarbital (Euthesate). The remaining rats were sacrificed after 2 months, 
to study the long term effects. The whole palate including the surrounding 
hard and soft tissues was removed in one piece and photographed. 
Histological preparation 
The specimens were fixed in 4% formalin, decalcified with 25% formic acid 
with 0.34 M trisodium citrate dihydrate for approximately 4 weeks. The 
degree of decalcification was checked by X-ray analysis. The palates were 
dehydrated and embedded in paraffin. Histological slides of seven µ.m were cut 
transversely through the intermolar area of the palate and stained with 
hematoxylin and eosin for light microscopic examination. 
Macroscopic scoring system 
Changes in the macroscopy of the dissected palates two days after PDT 
treatment were examined for the effect of PDT and given a numerical score: 
O=no clinical effect, 1 =slight erythema, 2 =marked erythema, 3 =ulceration or 
necrosis (focal), 4=ulceration or necrosis (entire area), 5 =denuded bone. 
The macroscopic appearance of the palate two months after PDT was given 
a score: 0 = no clinical effect, 1 =epithelium intact, scar tissue �ocal), 2 = epi-
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thelium intact, scar tissue (entire area), 3 =ulceration or necrosis, 4=denuded 
bone Oocal), 5 =denuded bone (entire area), 6=evidence of tumor. 
Microscopic scoring system 
The histological changes were described using two grading systems. One 
described the histological short term effects {2 days after PDT), the other the 
long term effects after 2 months. In both grading systems, effects seen in the 
mucosa, the palatal bone and in the structures beyond the palatal bone were 
evaluated separately. Each item of this scoring system was given a numerical 
score which varied from 0 to 2 {O= no effect, 1 =slight effect, 2 =marked 
effect). The sum of these scores results in the overall PDT induced damage. 
For the short term effects {2 days after PDT) the maximum possible score of 
this grading system was 54, for the long term effects {2 months after PDT) this 
was 42. 
Microscopic changes 2 days after PDT were examined for the following 
items: 
Mucosa: edema, hemorrhage, parakeratosis, partial or total necrosis of the 
epithelial layer, vascular edema, congestion or hemostasis of vessels, vascular 
thrombosis, vascular necrosis, disruption of lamina elastica interna of arteries. 
Bone: intra suture tissue hemorrhage, intra suture tissue necrosis, osteocyte 
necrosis, bone marrow hemorrhage, hemopoietic cell loss of bone marrow. 
Beyond mucosa: edema, hemorrhage, vascular edema, congestion or hemostasis 
of vessels, vascular thrombosis, vascular necrosis, disruption of lamina elastica 
interna of arteries, dental pulpa necrosis, increased degranulation of Goblet 
cells, necrosis of epithelium of the nasal sinus, necrosis of the lacrimal gland. 
Microscopic changes 2 months after PDT were examined for the following 
items: 
Mucosa: irregular distribution of rete ridges, epithelial isles or cysts, scar tissue, 
foreign body reaction in mucosa, hypertrophy of vessel wall, vascular recanali­
zation, vascular proliferation, neuronal proliferation, loss of palatal artery and 
vein, loss of palatal nerve. 
Bone: palatal bone remodelling, loss of palatal bone. 
Beyond mucosa: scar tissue, hypertrophy of vessel wall, vascular recanalization, 
vascular proliferation, neuronal proliferation, dental hard tissue resorption, 
ankylosis of root, irregular dentin formation, hyperplasia of sinus epithelium. 
Furthermore, two months after PDT, the epithelium was microscopically 
examined for the presence of dysplasia or squamous cell carcinoma. This was 
examined for: no evidence of disease, dysplasia, or squamous cell carcinoma. 
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RESULTS 
Macroscopic results after two days 
Two days after PDT the majority of rats macroscopically showed a marked 
erythema of the entire palatal region in combination with signs of focal 
ulceration or necrosis of the epithelium. Rats treated with 4NQO for 20 or 26 
weeks showed the most severe damage, with ulceration or necrosis of the 
entire PDT treated area. For both treatment wavelengths this damage pattern 
was comparable. An exception was seen in rats treated with 4NQO for 16 
weeks and irradiated at 625 nm. These animals presented with more damage 
than the comparable group of animals treated at 5 14.5 nm. Treatment effects 
were seen only in the intermolar area, and there were no signs of PDT 
induced damage in the adjacent mucosa. 
Fig. la depicts the macroscopic appearance of the rat palatal mucosa 2 days 
after PDT (treatment parameters: 12 weeks 4NQO, 514.5 nm light). The 
mucosa of the intermolar area of the palate shows a marked erythema in 
combination with focal ulceration of the epithelium in the gingival area beside 
the molar teeth. A sharp demarcation towards normal looking mucosa beyond 
the treated area is noticed. The hyperemic area of the mucosa corresponds 
well with the irradiated area. 
Fig. lb shows the macroscopic appearance of the intermolar area of a rat 
two days after PDT, treated with 4NQO for 20 weeks and irradiated with 625 
nm light. Due to the longer 4NQO application period more structural 
changes, with a thicker keratinized epithelial layer of the mucosa are present. 
The effect of PDT in this rat, compared to the one in fig. la, shows less 
erythema, but several dark colored, necrotic spots can be noticed throughout 
the entire palatal area. Again, the area showing the macroscopic alterations 
corresponds well with the PDT treated area. 
Fig. 2a shows a bar diagram of the average macroscopic damage score two 
days after treatment for both 514.5 nm and 625 nm light. For both activation 
wavelengths the distribution of the damage was more or less the same. There 
is a slight trend towards more damage with increasing 4NQO application 
period. In the group treated with 4NQO for 16 weeks and 625 nm light, the 
extent of the necrotic mucosa! area was somewhat larger than in the compara­
ble group treated with 514.5 nm light. Rats that were treated with 4NQO for 
20 or 26 weeks, showed the most damage, with marked ulceration or necrosis 
of the entire PDT treated area. 
Macroscopic results after two months 
Two months after PDT treatment, macroscopically several different aspects of 
damage to the epithelium of the intermolar area were found. For example: an 
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intact epithelium with evidence of scar tissue of the entire treated area, spots 
of denuded palatal bone surrounded by an intact epithelium with scar tissue 
formation, and evidence of tumor both in the PDT treated intermolar area as 
well as in the surrounding, non-treated mucosa. In rats treated with 625 nm, 
macroscopic tumor was found in 1 out of 4 rats in the 16 weeks 4NQO 
group, in 2 out of 4 rats in the 20 weeks 4NQO group and in 3 out of 4 rats 
in the 26 weeks 4NQO group. In the 514.5 nm group, macroscopic tumors at 
the palatal mucosa were noticed in 3 out of 4 rats in the 20 weeks 4NQO 
group and also in 3 out of 4 rats in the 26 weeks 4NQO group. Most of these 
tumors were large exophytically growing tumors. One (in the 26 weeks 
4NQO, 514.5 nm group) showed a more endophytic growth pattern. The 
tumors seemed to arise from the gingival area of the intermolar mucosa, 
infiltrating between the teeth, and causing displacement of the molars. When 
the localization of the tumor was taken into account, two tumors (20 weeks 
4NQO, 514.S nm and 20 weeks 4NQO, 625 nm) appeared to arise from 
mucosa beyond the treated intermolar area, whereas one tumor (26 weeks 
4NQO, 625 nm,) was found at the buccal side of the maxilla. The intermolar 
area of these particular rats showed no evidence of tumor. 
Fig. le shows the macroscopic results 2 months after PDT of a rat that was 
treated with 4NQO for 12 weeks and 514.5 nm light. A more or less normal 
appearance of the intermolar area of the palatal mucosa can be noticed. The 
palate has fully reepithelialized and the epithelial layer is intact. However, 
compared to normal untreated rat palatal mucosa, this mucosa appears to be 
thicker and more pale, probably due to scar tissue formation in the submuco­
sa. The rugal architecture has partly disappeared. There is no macroscopic 
evidence of tumor in the PDT treated area. 
Fig. ld shows the macroscopic results of PDT after 2 months of a rat 
treated with 4NQO for 20 weeks and irradiated with 625 nm light. The 
palatal mucosa shows large alterations, not only in the PDT treated intermolar 
area but also extending into the areas behind and in front of this area. Macro­
scopically the ulcerated and nodular mucosal changes have the same appear­
ance as those described in the 4NQO model230 and impress as squamous cell 
carcinoma. The right first molar seems to be fully surrounded by tumor tissue. 
The increased tissue volume in front of the intermolar area impresses as 
(submucosally growing) tumor. 
Fig. 2b shows a bar diagram of the mean macroscopic damage score two 
months after treatment. Compared to the macroscopic damage seen after 2 
days in this diagram more differences between the two wavelengths can be 
noticed. Severity of damage in rats treated with 625 nm slightly exceeded that 
of 514.5 nm because in the 625 nm groups more denuded palatal bone was 
seen and more tumors were evident. The other rats showed a macroscopically 
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Fig. 1 .  Macroscopic appearance of the rat palatal mucosa 2 days and 2 months after PDT. 
a) 2 days after PDT, 514.5 nm, 12 weeks 4NQO. 
b) 2 days after PDT, 625 nm, 20 weeks 4NQO. 
c) 2 months after PDT, 5 14.5 nm, 12 weeks 4NQO. 
d) 2 months after PDT, 625 nm, 20 weeks 4NQO. 
intact epithelium of the intermolar area, however with loss of the original 
rugal appearance and strong evidence for scar tissue in the entire treated area. 
Microscopic results after two days 
Two days after PDT treatment all the rats microscopically showed edema, 
hemorrhage, and necrosis of the epithelium of the intermolar area. Most of the 
rats showed a partial necrosis of the epithelium, and only a few rats showed a 
complete necrosis. Vascular damage of vessels in the mucosa (scored for 
vascular edema, congestion, vascular thrombosis, vascular necrosis, or disrup­
tion of the lamina elastica interna of the palatal artery) was seen in almost all 
cases, independent of the treatment wavelength or the 4NQO application 
period. Vascular edema in the mucosa was the most prominent feature. Short 
term damage of palatal bone consisted mainly of hemorrhage. For structures 
beyond the palatal bone it was found that the PDT effect at 625 nm exceeded 
that of 514.5 nm. These changes were predominantly composed of damage of 
the sinal epithelium, lacrimal gland and dental pulpa. 
Fig. 3a-d show an overview of the microscopic appearance of PDT induced 
damage of the same rats as shown in fig. la-d. These photographs give an 
overview of the intermolar area of the palate in the region of the second 
molar showing the mucosa, submucosa, underlying palatal bone, and part of 
the nasal cavity. Fig. 3a shows the microscopic appearance 2 days after PDT, 
(12 weeks 4NQO, 514.5 nm). The total microscopic damage score of this 
particular rat was 18 out of a maximum of 54. This score was built up by a 
slight edema of the mucosa, marked hemorrhage, partial necrosis of the 
epithelium, marked vascular edema of vessels in the mucosa, hemorrhage in 
the palatal bone, and slight necrosis in the lacrimal gland. 
Fig. 3b shows the microscopic appearance of a rat treated with 4NQO for 
20 weeks and 625 nm activation light. The total microscopic damage score of 
this rat was 25 out of a maximum of 54 and composed of slight edema in the 
mucosa, marked mucosal hemorrhage, partial mucosal necrosis, vascular 
edema, congestion of vessels, and vascular thrombosis, hemorrhage in the 
palatal bone and bone marrow. In structures beyond the palatal bone damage 
to the dental pulpa, necrosis of the sinal epithelium and necrosis of the 
lacrimal gland was found. 
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Fig. 4a shows the mean overall microscopic damage score on the palatal 
mucosa and surrounding structures of the rat oral cavity, two days after 
treatment, for both 514.5 run and 625 nm. The overall PDT induced damage 
of 625 nm exceeds that of 514.5 nm. The severity of PDT induced damage was 
independent of the 4NQO application period, not only for the overall 





















Fig. 2. Bar diagram representing the mean total macroscopic damage 
scores, 2 days and 2 months after PDT. 
a) 514.5 nm and 625 nm, 2 days after PDT. 
b) 514.5 nm and 625 nm, 2 months after PDT. 
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Table I. Treatment results of PDT of 4NQO induced lesions at the rat palatal 
mucosa, two months after PDT, for both activation wavelengths. Abbreviations: 
4NQO: the number of weeks that the carcinogen was applied, NED: no evidence 
of disease, DYS: number of rats with dysplasia of the palatal mucosa of the 
intermolar area out of 4 rats per group, T: tumor, number of rats with tumor 
out of 4 rats per group. Note that dysplasia and squamous cell carcinoma of the 
palatal mucosa can occur within the same rat. 
514.5 nm 625 nm 
4NQO 
NED DYS T NED DYS T 
8 3 1 0 1 3 0 
12 1 3 0 1 3 0 
16  2 2 0 0 4 2 
20 0 4 1 0 4 3 
26 0 4 3 0 4 2 
Microscopic results after two months 
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Two months after PDT the most prominent microscopical findings were 
irregular distribution of the rete ridges of the epithelium, epithelial cysts in the 
submucosa, and a dense scar tissue formation in the submucosa. These features 
were observed for both treatment wavelengths and were independent of the 
4NQO application period. Furthermore it was found that often irreversible 
damage had occurred. For both wavelengths irreversible loss of palatal bone in 
the intermolar area was noticed. Irreversible damage to the dental hard tissue 
consisted of root resorption, formation of irregular dentine and ankylosis. 
Two months after treatment vascular abnormalities were more often seen in 
the group treated at 5 14.5 nm compared to the animals treated at 625 nm. The 
vascular changes consisted of hypertrophy of the vessel wall, vascular recanali­
zation, vascular proliferation, and loss of the palatal artery and vein. Also 
neuronal proliferation was seen more often in the 514.S nm groups. The 
damage was independent of the 4NQO application period. 
Table I shows the overall treatment results two months after PDT. Micro­
scopically no evidence of disease (NED) was found in 6 out of 20 rats in the 
514.5 nm group and in 2 out of 20 rats of the 625 nm treated group. Epithelial 
dysplasia was found in 14 out of 20 rats in the 514.5 nm group, and in 18 out 
of 20 rats of the 625 nm treated group. Most cases of dysplasia were scored as 
mild or moderate. The severity increases with increasing 4NQO application 
period. Most cases of dysplasia consisted of focal changes surrounded by 
normal epithelium. Dysplasia mainly consisted of basal cell hyperplasia, and 
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Fig. 3. Microscopic appearance of the rat palatal mucosa 2 days and 2 months 
after PDT. a) 2 days after PDT, 514.5 nm, 12 weeks 4NQO. N indicates necrosis 
of the epithelial layer, P�palatal bone. (HE, 64x). b) 2 days after PDT, 625 nm, 
20 weeks 4NQO. N ""necrosis. (HE, 64x). 
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Fig. 3. (cont'd) Microscopic appearance of the rat palatal mucosa 2 days and 2 
months after PDT. c) 2 months after PDT, 514.5 nm, 12 weeks 4NQO. E=the 
intact keratinized epithelial layer with scar tissue in the submucosa, P = intact 
palatal bone, V-hypertrophy of vessel wall. (HE, 64x). d) 2 months after PDT, 
625 nm, 20 weeks 4NQO. T=tumor, L=indicates an area with loss of palatal 
bone. (HE, 40x). 
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pleiomorphic cells and nuclei in especially the basal parts of the epithelium. In 
some cases keratinization of cells below the keratinized layer was observed. 
Microscopically proven squamous cell carcinomas were found in 4 out of 20 
rats treated with 514.5 nm and in 7 out of 20 rats in the 625 nm treated 
groups. The squamous cell carcinomas were large infiltrating tumors which 
invaded the surrounding structures such as palatal bone, maxilla and roots of 
the molar teeth. 
Fig. 3c shows the microscopic appearance two months after PDT (514.5 nm) 
of a rat treated with 4NQO for 12 weeks. The damage score of this particular 
rat was 12 out of a maximum of 42. An intact epithelial layer was noted. 
Epithelial dysplasia was present and scored as mild dysplasia. Furthermore the 
epithelium showed an irregular distribution of the rete ridges, inclusion cysts 
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Fig. 4. Line diagram representing the mean total microscopic damage scores 
(error bar=SEM) a) 514.5 nm and 625 nm, 2 days after PDT. b) 5 14.5 nm and 
625 nm, 2 months after PDT. 
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in the submucosa, submucosal scar tissue, and palatal bone remodelling. 
Furthermore, a marked resorption of the dental hard tissue with ankylosis of 
the root, and irregular dentin formation were found. 
As can be seen in Fig. 3d tumor was present two months after PDT in this 
rat treated with 4NQO for 20 weeks and 625 nm light. A large, highly 
differentiated squamous cell carcinoma of the intermolar area occurs with 
pushing invasion, excessive keratin formation and perineural growth. Further­
more, dysplasia was found in other parts of the epithelium of the intermolar 
area. The dysplastic epithelium showed an irregular distribution of the rete 
ridges, epithelial inclusion cysts in the submucosa, and submucosal scar tissue. 
The palatal bone is partly lost, in other parts of the palatal bone evidence of 
remodelling was noted. Dental hard tissue damage was present, consisting of 
resorption, ankylosis and irregular dentin formation. 
Fig. 4b shows the mean overall microscopic damage score 2 months after 
PDT, for both activation wavelengths. In contrast to the effects seen 2 days 
after PDT, the effect of 625 nm exceeds that of 514.5 nm only for the rats 
treated with 4NQO for 16, 20 and 26 weeks. 
DISCUSSION 
PDT of 4NQO induced lesions 
One of the presumptions of PDT efficacy is that the photosensitizing agent is 
retained in higher amounts in tumor tissue than in normal tissue. PDT should 
therefore have dual selectivity and normal tissues should hardly be affected by 
PDT. It was anticipated that 4NQO induced dysplastic epithelium and 
squamous cell carcinoma would retain more Photofrin and would subsequent­
ly be more prone to PDT induced damage. However, as compared to a 
previous Photofrin mediated normal tissue damage study, 230 the PDT induced 
damage seen in the 4NQO induced lesions was found to be somewhat less. A 
possible explanation for this may be that, due to the 4NQO application, the 
epithelial layer becomes thicker. This thick keratinized layer could reduce the 
fluence rate in the viable tissues beyond that layer. 
The mechanism leading to tumor destruction by PDT is only partly 
understood. Cell membranes and mitochondria are thought to be the primary 
targets. Direct tumor cell killing has been observed, 253 but is not sufficient to 
control tumor growth in vivo. PDT damage in vivo is mainly caused by 
damage to the tumor vasculature and tumor cell death is secondary to 
that.147•254 Cells in the vascular wall seem to be the primary target and the first 
observable signs of destruction appear to occur in the endothelial zone of the 
tumor capillary wall. 255 
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The suggestion made in the literature that PDT produces no normal tissue 
damage, was found to be untrue in this animal model, with the current 
treatment parameters. Scar tissue in the submucosal region was found, which 
contradicts other reported results. 104 Furthermore, irreversible damage oc­
curred to palatal bone, dental hard tissue and other tissues beyond the target 
tissue. The damage pattern was found to be comparable with that found in the 
normal tissue study. 230 Damage to the lacrimal gland can be explained by the 
presence of endogenous porphyrins in this gland. 246 
Activating light in the range of 625-630 nm corresponds to a local maximum 
of the absorption spectrum of Photofrin and is most often used in PDT. At 
514.5 nm and at even shorter wavelengths, absorption maxima are greater but 
tissue penetration of light at these wavelengths is reduced. For PDT of 
superficial cancer the use of 514.5 nm light has been suggested, as tissue 
penetration should be sufficient. 233•234 The lesser penetration depth of this 
wavelength may even be useful to prevent damage to normal tissues beyond 
the target tissue. In preventing normal tissue damage light of 514.5 nm may 
have favourable properties compared to 625 nm, as light of 514.5 nm resulted 
in less damage at deeper tissue levels. 
The epithelial inclusion cysts covered by an intact epithelial layer which 
were frequently found in the submucosa, are not previously described in other 
PDT studies. These cysts were also found in our normal tissue damage 
study.252 They may be an indicator for an inadequate PDT treatment. One can 
assume that after PDT vital epithelial cells get entrapped under a necrotic 
epithelial layer. When reepithelialization occurs, these vital epithelial cells may 
result in these inclusion cysts. These cysts resemble human traumatic inclusion 
cysts. 
Since it is known that epithelial dysplasia in this model will eventually 
result in tumor, the presence of dysplasia two months after treatment as found 
in 14 out of 20 rats in the 514.5 nm treated groups and in 18 out of 20 rats in 
the 625 nm groups is a negative treatment result. However, it is difficult to 
define the true PDT treatment efficacy, as the recurrent tumor can arise from 
the mucosa beyond the PDT treated area. On the other hand PDT was found 
to be able to completely eradicate epithelial dysplasia in several rats, especially 
those with initially mild to moderate dysplasia. Most of the epithelial dysplasia 
two months after PDT was found to be mild dysplasia. As PDT has no 
cumulative effect, a repeated PDT treatment could possibly improve the 
treatment results. 
Animal models 
Animal studies are needed before PDT can be considered a new treatment 
modality in oral oncology. The hamster buccal pouch model has been used in 
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several studies for PDT of oral mucosa. In this model the carcinogen 9,10-
dimethyl-l ,2-benzanthracene (DMBA) is used to induce lesions. Drawbacks of 
this model are that the truly intra-oral nature of the involved tissue is ques­
tionable. The cheek pouch is not subjected to the same environmental influ­
ences usually found in the oral cavity. It has a thin epithelium, and accepts 
allogenic grafts of both normal and neoplastic tissues. 19•3 1•33•86 
The 4-Nitroquinoline-1-oxide (4NQO) rat palate model, originally described 
by W allenius and Lekholm, 3s overcomes most of these problems. The induced 
lesions show a consistent sequence of histologic changes in which the degree of 
epithelial dysplasia increases as the 4NQO application period increases. The 
lesions can be studied in a 'normal' environment. The induced dysplasia is 
histologically comparable to human epithelial dysplasia, 36•87•229 and really 
premalignant as all rats withdrawn from continuous 4NQO applications, 
ultimately develop invasive tumors.230 However, the induced squamous cell 
carcinomas in the 4NQO model tend to be highly differentiated, whereas their 
human counterparts are usually less differentiated and clinically more aggres­
sive. The 4NQO induced tumors show a growth pattern with pushing 
invasion. A prominent feature is the formation of large amounts of keratin. A 
drawback of the 4NQO model is that after application the carcinogen can 
spread through the oral cavity. Due to this, other mucosa! areas can also be 
chemically altered, so that tumors may also arise beyond the intermolar area. 
The 4NQO model therefore resembles the human situation of 'field canceriza­
tion' or 'condemned mucosa'. These unintended tumors can strongly influence 
the treatment results, both by a direct influence on the general health of the 
animal as well as by ingrowth of the PDT treated palatal mucosa by premalig­
nant or malignant tissue from the borders of the treated area. Therefore, it is 
difficult to establish whether tumor, as found in several animals two months 
after PDT, is caused by a lack of treatment efficacy or whether this is the 
result of ingrowth of chemically altered epithelium from borders unaffected by 
PDT. The latter might explain the high incidence of dysplasia and tumors, 2 
months after PDT. For PDT of isolated lesions of the oral mucosa an ortho­
topic transplantable tumor model is developed that will be used in future 
studies with a second or third generation photosensitizer. 
PDT in other animal models 
There are only few animal studies on PDT of oral mucosa. Results are 
difficult to compare because of the different treatment parameters used in 
these studies. For example Kubler et al. 2s6 studied tumor recurrence 50 days 
after treatment with four different treatment protocols in DMBA-induced 
hamster buccal pouch lesions. Preoperative biopsies from 12 weeks DMBA 
treated, buccal pouches consisted of: squamous cell carcinomas or carcinoma in 
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situ (17%), severe dysplasia (31%), moderate dysplasia (29%), and mild dyspla­
sia (23%). Treatments were: C02-laser surgery, C02+hypertherrnia, 
C02+PDT, and PDT alone (PDT parameters: 3 .0 mg/kg Photofrin, time 
interval 24 hours, 630 nm light, 175 J/cm�. Tumor recurrences were found in 
100%, 61%, 28% and 50% respectively. However, it was not reported whether 
dysplasia was present after treatment. If so, this would negatively influence the 
treatment results, as it is known that, also in this model, dysplastic epithelium 
will eventually turn into squamous cell carcinoma. These long term treatment 
results are difficult to compare with our findings because it was not reported 
whether tumor recurrences occurred in hamster cheek pouches with initial 
epithelial dysplasia or squamous cell carcinoma. 
Burns et al.184 induced tumors in the hamster buccal pouch by twice weekly 
application of DM.BA in mineral oil for 10 weeks. Hematoporphyrin deriva­
tive (HpD) was injected intraperitoneally (50 µg/gbw) and PDT was per­
formed (30 minutes, 200 mW/cm2, > 590 nm). Rats were killed 1 ,  2, 8 ,  and 
24 hours after PDT. Macroscopically a marked necrosis and reduction of 
tumor size was first noticed 24 hours after PDT. Rats killed before 24 hours 
after PDT only showed minimal gross changes which consisted of a brownish 
pigmentation secondary to a coagulated surface hemorrhage. Microscopically 
the 1 hour samples showed no changes. Two hours after PDT a generalized 
hyperaemia and congestion of tumor vasculature was noticed. At 8 hours 
tumors displayed areas of focal necrosis, generalized hyperaemia and extravasa­
tion of red blood cells. At 24 hours after PDT tumors displayed generalized 
coagulative necrosis. However, residual islands of tumor cells were seen in the 
stroma adjacent to blood vessels. These results, at 24 hours, are comparable 
with our findings. Although it is important to know what short term effect 
PDT has, it is even more important to know the long term effects. Only the 
long term effect can show if PDT is capable to treat dysplastic epithelium or 
squamous cell carcinoma of the oral mucosa. 
In contrast to Meyer et al.243 who studied PDT with Phthalocyanine 
(AlPcS2) in the rabbit jaw, we found that PDT can seriously damage bone and 
dental hard tissue. Damage of the dental hard tissue in our study consisted of 
necrosis of the dental pulpa, resorption, ankylosis and the formation of 
irregular dentin. Damage to the palatal bone consisted of partial or complete 
(full thickness) loss of palatal bone. However, in the rabbit jaw study a 
different photosensitizer was used which could have different localizing 
properties. This might explain the absence of PDT induced bone damage in 
the rabbit. As PDT with Photofrin can damage normal structures, special care 
should be taken when PDT is considered for clinical application in humans. 
However, in the human situation, the dimensions of the oral cavity are much 
larger than those in rats. This will probably result in less damage beyond the 
target area in the human situation. 
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PDT of human oral mucosa 
Photodynamic therapy has been proposed for the treatment of malignant and 
premalignant lesions in patients with 'field cancerization' of the oral cavity. 
Grant et al.221 treated 1 1  patients (2.0 mg/kg Photofrin, 48 hours prior to 
photoradiation with 50-100 J/cm2 at 630 nm). After six to eight weeks they 
found a complete response in 10 out of 1 1  patients. One patient showed 
residual leukoplakia. These results are much more favourable than those 
obtained in our animal model which, due to application of the carcinogen also 
has characteristics of 'field cancerization' of the oral mucosa. Other reports on 
PDT of small, superficially growing oral squamous cell carcinomas also 
described high (approximately 75-90%) cure rates.102•103•197 However, PDT 
appears to have no real role in the treatment of large tumors or in palliation 
of advanced cancer of the oral region, as treatment results for these situations 
were disappointing or negatively influenced the quality of life.197 
CONCLUSIONS 
The overall conclusion of this study is that PDT with Photofrin in the 4NQO 
palate model, with the used treatment parameters, is not as selective as hoped 
for. Other normal structures in close proximity to the epithelium were also 
prone to PDT induced damage. Not all PDT effects were reversible. Loss of 
palatal bone, resorption or ankylosis of the dental root are irreversible effects. 
Comparing both treatment wavelengths, better results were obtained with 
514.S nm groups, as this wavelength gave less normal tissue damage. Further­
more, in the 514.5 nm treatment groups less dysplasia and fewer tumors were 
found at two months after PDT (although not statistically significant). The 
best treatment results were obtained for the short 4NQO application periods, 
with initially (before PDT) mild to moderate epithelial dysplasia. A possible 
explanation for the high incidence of dysplasia and recurrent squamous cell 
carcinoma at two months, is that regeneration of the epithelium occurs from 
tissue that is also chemically altered ('field cancerization') . Therefore, it is 
difficult to establish whether dysplastic epithelium and squamous cell carcino­
ma, as found in several animals after PDT, is caused by a lack of treatment 
efficacy of PDT or whether this is the result of ingrowth of chemically altered 
epithelium from the non PDT treated borders. 
So far, Photofrin is the only photosensitizer that has been approved for a 
number of clinical applications. Nevertheless, Photofrin is known to have 
specific drawbacks and its prolonged skin photosensitivity is a limiting factor 
for a more widespread use of PDT with Photofrin. New PDT treatment 
techniques, for example local application of photosensitizer or other photosen­
sitizing agents such as 5-Aminolaevulinic acid (ALA), meta-Tetrahydroxy-
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phenylchlorin {mTHPC), or Tin-ethyl-etiopurpurin {SnET2) may have 
favourable properties. It is possible that despite the poor results obtained with 
our animal model more favourable results will be obtained with clinical PDT 
in the oral cavity. This is supported by recent clinical data on PDT with 





In chapter 1 an overview of the clinical basis and the aims of this thesis is 
given. In the Netherlands malignant tumors of the lip and oral cavity account 
for 1-2% of all malignant tumors. The incidence of these tumors is 4-5 new 
cases per 100.000 persons per year and most {> 90%) of them are squamous 
cell carcinomas. Squamous cell carcinoma of the lip or oral mucosa can be 
preceded and/ or surrounded by a precancerous lesion. The latter is defined as 
a morphologically altered tissue in which cancer is more likely to occur than 
in its apparently normal counterpart. The most common precancerous lesions 
of the lip and oral cavity are leukoplakia or erythroplakia. Treatment of these 
intra-epithelial premalignant lesions can be performed by local excision, 
cryosurgery or COi-laser surgery. Curative local and regional treatment 
modalities for squamous cell carcinoma of the lip and oral cavity are surgery, 
radiotherapy or a planned combination of both modalities. Surgical treatment 
of squamous cell carcinoma of the lip or oral cavity has the disadvantage of 
loss of tissue, which may result in functional problems and aesthetical compli­
cations. To obtain oncological safe margins, a relatively large margin of 
unaffected tissue has to be excised. Radiotherapy of the oral cavity causes both 
early and late effects, such as mucositis, taste loss, xerostomia, radiation caries, 
soft tissue necrosis and osteoradionecrosis. 
For the treatment of dysplastic lesions and small, superficial growing 
squamous cell carcinoma a more selective local therapy with less side effects 
could be of great value. Photodynamic Therapy (PDT) could be such a new 
therapy. PDT is an experimental cancer treatment modality, based on the 
accumulation of a photosensitive dye in premalignant and malignant lesions, 
following systemic administration. When this tissue is exposed to light of a 
proper wavelength and dose, a photochemical reaction between sensitizer and 
light will occur. The activated photosensitizer reacts with available oxygen 
which subsequently damages cells and ultimately may cause necrosis of the 
tumor. Photosensitizers can also be used for fluorescence detection. If a tumor 
contains more of the photosensitizer than the surrounding normal tissue, its 
fluorescence can potentially be utilized for detection. Analogous to PDT, this 
can therefore be referred to as Photo-detection {PD). 
The aim of this study proposed in this thesis is dual. The first is to deter­
mine the value of Photodynamic Therapy (PDT) in the treatment of dysplastic 
lesions and squamous cell carcinomas of the oral mucosa. The second aim is to 
evaluate the applicability of Photo-detection {PD) for imaging and early 
localization of dysplastic lesions and squamous cell carcinomas of the oral 
mucosa. Prior to application of PD and PDT of such lesions in humans, the 
value and applicability of PD and PDT were studied in an animal model of 
136 Chapter 9 
chemically induced dysplastic lesions and squamous cell carcinomas of the oral 
mucosa. 
In chapter 2 a review of the literature of animal models for chemically 
induced dysplastic lesions and squamous cell carcinoma is given. There are 
several animal models known for chemically induced squamous cell carcinoma 
of the oral mucosa. The hamster cheek pouch model is the most widely 
studied. In this model well differentiated squamous cell carcinomas are induced 
by application of the fat-soluble carcinogen 9,10-dimethyl-l ,2-benzanthracene 
(DMBA) to the cheek pouch of the Syrian hamster. Major drawbacks of this 
model are the questionable intra-oral nature of the buccal pouch and the fact 
that this tissue is not subjected to the same environmental influences usually 
found in the oral cavity. Also DMBA-induced tumors of the hamster buccal 
pouch seem to develop from papillomas, which is not a com on feature in 
humans. Furthermore, the cheek pouch has no anatomical counterpart in 
humans, its epithelium is considerably thinner than human oral mucosa and 
the pouch is immunologically privileged, as it accepts allogenic grafts of both 
normal and neoplastic tissues. 
Another frequently used model of oral squamous cell carcinoma, that 
overcomes most of the drawbacks of the hamster model, is the 4-Nitro­
quinoline-1-oxide (4NQO) model. In this model, repeated applications of the 
water-soluble carcinogen 4NQO to the rat palate induces epithelial dysplasia 
and ultimately highly differentiated squamous cell carcinomas. Reviewing the 
literature it was found that the model lacks the description of a well estab­
lished relation between histological features of epithelial dysplasia and time of 
application of the carcinogen. A comparison of 4NQO-induced dysplastic 
lesions of the rat palate with human epithelial dysplasia had not been made. 
In chapter 3 the macroscopic and microscopic changes of the rat palate are 
described for different 4NQO application periods. The Epithelial Atypia Index 
(EAI) was used to quantify the degree of epithelial dysplasia. It was found that 
the EAI increased proportional to the 4NQO application period. The EAI 
increased from 7 after 2 weeks application to 42 after 26 weeks of application. 
At 26 weeks of 4NQO application squamous cell carcinoma was found in all 
rats. In 'follow-up' rats, withdrawn from continuous 4NQO application, an 
inverse relation between application period and latency period, before squa­
mous cell carcinomas developed was found. It was therefore concluded that 
the induced epithelial changes in the rat palate were truly premalignant and 
that the 4NQO rat palate model is an adequate model to study premalignant 
epithelial changes and squamous cell carcinomas. 
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In chapter 4 the comparison of 4NQO-induced epithelial changes in the rat 
palate and human oral epithelial dysplasia is described. Using the Epithelial 
Atypia Index {EAI), epithelial atypia of the rat palate was compared with 
human epithelial dysplasia. The EAI of the rat palate varied from 7 to 42, the 
human mucosa from 9 to 57. Statistical analysis revealed that the increase of 
the EAI for the rat was comparable with the human cases. Rat epithelial 
dysplasia, with the same or nearly the same EAI number as human dysplasia, 
was build up by almost the same 13 histological features. It was concluded that 
there is a good histological similarity between 4NQO induced epithelial 
dysplasia in the rat palate and human oral epithelial dysplasia. 
In chapter 5 a review of the literature is given of Photodynamic Therapy 
(PDT) and Photo-detection (PD). The principle of PDT and PD is not new. 
Early this century the first experiments were described. A renewed interest in 
the clinical application of PDT was initiated by Dougherty and coworkers in 
the early seventies. Photodynamic therapy is based on dye-sensitized photo­
oxidation of biological matter in the target tissue. PDT requires the presence 
of three components for its action, namely: a photosensitizer, light and 
oxygen. 
Since the early days of PDT many drugs have been suggested for photo­
chemically induced cytotoxicity. Hematoporphyrin derivative (HpD) or 
Photofrin are currently the most often used photosensitizers in PDT. 
Theoretically any light source can be used for PDT as long as it provides 
the required spectral characteristics. Initially, conventional lamps were used. 
Currently, Argon pumped dye laser systems are most commonly used to 
excite porphyrin based photosensitizers. Porphyrins show the highest absorp­
tion around 400 nm wavelength. Nevertheless, 625-630 nm {red) light is used 
clinically because the tissue penetration of light increases with increasing 
wavelengths, which enables treatment of larger tissue volumes. 
The mechanism of preferential accumulation of photosensitizers in tumor 
tissue after systemic administration is still not fully elucidated. As the localiza­
tion of a photosensitizer is not limited to tumor tissue alone, a selective effect 
of PDT depends on favourable ratio's of porphyrin concentration between 
tumor and surrounding normal tissue. In PDT damage cellular effects and 
vascular effects have to be considered. The vascular effect is considered as the 
primary and most important event in tumor destruction. 
Photosensitizers also show the ability to fluorescence. Fluorescence can be 
used to detect tumors. When Hematoporphyrin derivative is excited with 
violet light, a salmon red fluorescence can be observed. To avoid undesired 
photodynamic {damage) effects in the irradiated tissues, low excitation light 
levels are used for fluorescence. The emitted light intensity is often too low to 
be detected with the naked eye, so that intensified imaging systems are needed. 
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The occurrence of autofluorescence is a complicating factor in detecting photo­
sensitizer induced fluorescence. Autofluorescence is emitted by natural 
occurring tissue fluorochromes such as endogenous porphyrins or other 
biomolecules. Autofluorescence intensity increases with decreasing excitation 
wavelengths and can distort the detection of photosensitizer fluorescence. 
Various detection systems have been developed to eliminate this problem. 
Only a few reports are known dealing with clinical PDT of squamous cell 
carcinoma of the oral cavity. Based on _the literature it was concluded that 
PDT seems to have promising features for treatment of small, superficially 
growing tumors and especially for 'condemned mucosa'. PDT with Photofrin 
appears to have no real role in the treatment of advanced cancer of the oral 
region or for palliation of large recurrent tumors. Ideally, PDT should 
combine 'early' detection with 'early' treatment. 
In chapter 6 the study of the applicability of Photo-detection (PD) for 
localization and detection of dysplastic lesions and squamous cell carcinoma of 
the oral mucosa is described. In 24 rats 4NQO was applied for 0, 8, 12, 16, 20 
or 26 weeks to induce dysplastic lesions and squamous cell carcinoma of the 
palatal mucosa. Photofrin was administered intravenously at a dose of 2.5 
mg/kg bodyweight. Fluorescence images were recorded before administration 
of the drug, at 24 hours and at 48 hours post injection. 460 nm (blue) light 
and 500 nm (green) light was used for fluorescence excitation. A 'palatoscope' 
adapted to the small dimensions of the rat oral cavity was built to enable 
imaging of the intermolar area. A Charge Coupled Device (CCD) video 
camera combined with a two stage image intensifier was used to image the 
weak fluorescence signal. The degree of epithelial dysplasia was determined 
using the Epithelial Atypia Index (EAI). The EAI values increased with 
increasing 4NQO application period. Squamous cell carcinomas were noticed 
in all rats treated with 4NQO for 26 weeks. 
Fluorescence intensities, 24 hours and 48 hours after injection of Photofrin, 
were proportional to the duration of 4NQO application and to increasing 
EAI. For an EAI larger than 15 there was a statistical significant difference 
between the fluorescence signals obtained with and without injection of 
Photofrin. Autofluorescence signals of these lesions (i.e. images taken before 
injection of Photofrin) also showed an increase with increasing stages of 
epithelial dysplasia of the rat palate. However, fluorescence signals obtained 
with Photofrin were always higher than those of autofluorescence alone. From 
this study it was concluded that PD with Photofrin is capable of detecting 
chemically induced premalignant lesions and squamous cell carcinomas of the 
rat palatal mucosa. Photofrin in a dosage used in this study increases the 
sensitivity of PD, but autofluorescence alone also has promising features for 
detecting premalignant and malignant lesions of the oral mucosa. 
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In chapter 7 the dosimetry of light and the effect of PDT on normal tissues of 
the rat palatal mucosa and surrounding structures is described. As normal 
tissue will also retain the photosensitizer to some extent, it will therefore be 
susceptible to PDT damage. The effect of PDT in normal rat palatal mucosa 
and surrounding structures was examined in 80 male Wistar rats. Photofrin 
was administered i.v. at four concentrations (0, 2.5, 5, or 10 mg/kg bw). PDT 
was performed twentyfour hours after administration of the sensitizer. An 
Argon-pumped dye laser system was used to generate two different excitation 
wavelengths (514.5 nm and 625 nm), at various light doses (0, 25, 50, 100 or 
200 J/cm2, at a fluence rate of 60 mW/cm2). Early effects of PDT were studied 
after two days, late effects and regeneration after two months. It was found 
that PDT affects normal tissues of the oral cavity, both macroscopically and 
microscopically. Several combinations of photosensitizer and light doses gave 
severe and permanent damage of the palatal mucosa and adjacent normal 
structures such as palatal bone and dentition. 
Light scattering and internal reflection in the target tissue can strongly 
influence the fluence rate of the primary incident beam of light. Therefore, the 
energy fluence rates of the two excitation wavelengths was studied at various 
sites of the oral mucosa and adjacent anatomical structures. Six Wistar rats 
were studied. The energy fluence rate of the excitation light (514.5 nm and 625 
nm) was measured at the palatal mucosa and adjacent structures. It was found 
that the energy fluence rates were dependent of wavelength, tissue and 
distance. For light of 625 nm the fluence rate at the air-mucosa boundary was 
found three times higher than the fluence rate of the primary incident beam, 
at 514.5 nm this proved to be two times higher. Also at other sites surround­
ing the palate high fluence rates were determined. These increased fluence rates 
contribute to normal tissue damage and to differences in PDT induced damage 
between the two wavelengths. For both treatment wavelengths, the combina­
tion of 2.5 mg/kg Photofrin and 100 J/cm2 was found to result in acceptable 
damage. 
Normal tissues were susceptible to PDT damage and from this it can be 
concluded that they also retained the photosensitizer to some degree. Two 
days after PDT, the effect of 625 nm excitation light exceeded that of 514.5 
nm. Two months after PDT, excitation with 5 14.5 nm light resulted in more 
damage than excitation with 625 nm. A possible explanation for these observa­
tions is that the increased tissue penetration of 625 nm results in a larger tissue 
volume that can potentially be damaged. The higher excitation efficacy of 
514.5 nm wavelength is thought to result in more permanent damage to 
superficial structures. Therefore, 514.5 nm seems to be an appropriate excita­
tion wavelength in clinical PDT of superficial lesions in close proximity of 
structures which are prone to permanent PDT-induced damage. 
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In chapter 8 the effect of PDT on 4NQO-induced dysplastic lesions and 
squamous cell carcinoma of the rat palate is described. The carcinogen 4NQO 
was used to induce dysplastic lesions and squamous cell carcinomas similar as 
described in previous chapters. A total of eighty animals were used in this 
study. Photofrin (2.5 mg/kg bw.) was applied. The incident light dose was 100 
JI cm2 at 60 mW I cm2• These treatment parameters were based on the results of 
the normal tissue damage study described in chapter 7. Two different excita­
tion wavelengths light were used (514.5 �m en 625 nm). Half of the experi­
mental group was sacrificed two days after PDT, the remaining animals after 
two months, in order to examine both short term and long term effects. 
Histological examination of the palatal mucosa and surrounding anatomical 
structures was the same as described in chapter 7. At two months also the 
presence of epithelial dysplasia or squamous cell carcinoma was examined 
Two days after PDT the majority of animals macroscopically showed a 
marked erythema of the entire palatal region in combination with signs of 
focal ulceration or necrosis of the epithelium. Rats treated with 4NQO for 20 
or 26 weeks, showed the most severe damage with ulceration or necrosis of 
the entire PDT treated area. This damage pattern was comparable for both 
treatment wavelengths. Treatment effects were only seen in the intermolar 
area, and there were no signs of PDT induced damage in the adjacent mucosa. 
Microscopically, two days after PDT treatment all the rats showed edema, 
hemorrhage, and necrosis of the epithelium of the intermolar area. Most of the 
rats showed a partial necrosis of the epithelium, whereas only few rats showed 
a complete necrosis. Vascular damage in the mucosa was seen in almost all 
cases, independent from the excitation wavelength or the 4NQO application 
period. Vascular edema was the most prominent feature. Short term damage of 
palatal bone consisted mainly of hemorrhage. PDT effects on structures 
beyond the palatal bone consisted of damage to the sinal epithelium, lacrimal 
gland and dental pulp. These effects were more severe using light of 625 nm 
compared to 514.5 nm. 
Two months after PDT treatment several different aspects of PDT induced 
damage to the epithelium of the intermolar area were found. For example: an 
intact epithelium with evidence of scar tissue of the entire treated area, spots 
of denuded palatal bone surrounded by an intact epithelium with scar tissue 
formation, and evidence of tumor both in the PDT treated intermolar area as 
well as in the surrounding, non treated mucosa. Most of these tumors were 
large exophytic growing tumors. The tumors seem to arise from the gingival 
area of the intermolar mucosa, infiltrating between the teeth, and causing 
displacement of molars. 
Two months after PDT the most prominent microscopical findings were 
irregular distribution of the rete ridges of the epithelium, epithelial inclusion 
cysts in the submucosa, and a dense scar tissue formation in the submucosa. 
Summary 141 
These features were observed for both excitation wavelengths and were 
independent of the 4NQO application period. Furthermore it was found that 
often irreversible damage occurred. e.g. {partial) loss of palatal bone, root 
resorption, and ankylosis. Vascular abnormalities were more often seen in the 
group treated at 5 14.5 nm compared to those in the 625 nm group. Damage 
was independent from the 4NQO application period. 
Two months after treatment no evidence of epithelial dysplasia was found 
in 6 out of 20 rats in the 514.5 nm group and in 2 out of 20 rats of the 625 
nm treated group. This absence of dysplasia was seen in animals treated with 
4NQO for 8, 12, or 16 weeks when they were treated with 5 14.5 nm, and at 8 
and 12 weeks 4NQO application at 625 nm. Dysplasia was scored as slight or 
moderate and consisted of focal changes surrounded by normal epithelium. 
Microscopically proven squamous cell carcinomas were found in 4 out of 20 
rats treated with 5 14.5 nm and 7 out of 20 in the 625 nm treated groups. 
The conclusion of this study is that PDT, in this animal model, with these 
treatment parameters was not able to fully eradicate epithelial dysplasia and 
squamous cell carcinoma from the intermolar area. An important finding is 
that normal structures in close proximity to the epithelium are also susceptible 
to PDT induced damage, that can result in permanent changes of these 
structures. 
When both treatment wavelengths were compared, better results were 
obtained with treatment at 5 14.5 nm, as this wavelength resulted in less 
normal tissue damage. Furthermore, in the groups treated at 514.5 nm, less 
dysplasia and fewer tumors were found at two months after PDT. The best 
treatment results were obtained for the short 4NQO application periods, with 
(before PDT) mild to moderate epithelial dysplasia. The high incidence of 
dysplasia and recurrent squamous cell carcinoma at two months after treat­
ment can be explained by the fact that regeneration of the epithelium has to 
occur from tissue that is also chemically altered ('field cancerization' or 
'condemned mucosa'). Therefore, it is difficult to establish whether (recurrent) 
dysplastic epithelium and squamous cell carcinoma were caused by a lack of 
treatment efficacy of PDT or whether this is the result of ingrowth of 
chemically altered epithelium from the borders. On the other hand PDT, was 
found to be able to completely eradicate epithelial dysplasia in several rats, 
especially those with initially mild to moderate dysplasia. Most of the epitheli­
al dysplasia two months after PDT was found to be mild dysplasia. As PDT 
has no cumulative effect, a repeated PDT treatment could possibly improve 
the treatment results. 
So far, Photofrin is the only photosensitizer that has been approved for a 
number of clinical applications. Widespread clinical application of PDT using 
Photofrin is limited by the prolonged skin photosensitivity. 
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New PDT treatment techniques, such as local application of the photosen­
sitizer or new photosensitizing agents such as ALA, mTHPC, or SnET2 may 
have favourable properties. It is possible that despite the results obtained with 
our animal model more favourable results will be obtained with clinical PDT 
in the oral cavity. This is supported by recent clinical data on PDT with 
Photofrin and mTI-fllC. 




SAMENV A TIING 
In hoofdstuk 1 wordt een overzicht gegeven van het doel van dit onderzoek. 
Tumoren van de lippen en de mondholte vormen in Nederland circa 1-2% van 
alle maligne ( =kwaadaardige) tumoren. Per jaar worden in Nederland circa 
650 nieuwe gevallen gezien. Het merendeel ( >  90%) zijn planocellulaire 
carcinomen ( =tumoren uitgaande van het slijmvlies). 
Planocellulaire carcinomen van bet lippenrood of mondslijmvlies kunnen 
zijn omgeven of worden voorafgegaan door premaligne afwijkingen. De meest 
voorkomende premaligne afwijkingen van het slijmvlies zijn leukoplakie en 
erythroplakie. Behandeling van premaligne slijmvlies afwijkingen kan plaats 
vinden door middel van chirurgie, cryochirurgie of C02 laser behandeling. 
Behandeling van het planocellulaire carcinoom van de lip of mondholte is tot 
op heden alleen mogelijk door middel van locoregionale chirurgie, radiothera­
pie of de combinatie van beide modaliteiten. Aan beide behandelingen zijn 
ecbter nadelen verbonden. Om oncologisch verantwoorde marges te verkrijgen 
treedt bij cbirurgiscbe bebandeling verlies op van relatief veel gezond omrin­
gend weefsel. Chirurgische behandeling, van zelfs kleine tumoren in de 
mondholte, kan een ernstige mutilatie veroorzaken. Hierdoor kunnen functio­
nele of esthetische problemen ontstaan. Bijwerkingen van radiotherapie in bet 
hoofd-hals gebied zijn: mucositis, verlies van smaak, xerostomie, bestralingsca­
ries, necrose van weke delen, osteoradionecrose en de kans op tumor inductie. 
Een nieuwe vorm van behandeling, met minder bijwerkingen, zou van 
belang kunnen zijn voor de behandeling van tumoren van lip en mondholte. 
Fotodynamische therapie (PDT, van het engelse Photodynamic Therapy) zou 
zo'n nieuwe vorm van behandeling kunnen zijn. PDT is een nog experimente­
le therapie. Het berust op de, min of meer, selectieve opname van een lichtge­
voelige stof in tumor en dysplastisch weefsel. W anneer weefsels, waarin deze 
lichtgevoelige stof is geaccumuleerd, wordt belicht met licht van een bepaalde 
golflengte, treedt er een reactie op tussen de lichtgevoelige stof en bet licht. 
Hierdoor kan er necrose van tumorweefsel optreden, met beperkte schade aan 
de omringende weefsels. 
Een tweede eigenschap van de lichtgevoelige stof is dat, als deze wordt 
beschenen met licht van een juist golflengte, deze zelf ook licht kan uitzenden 
( =fluorescentie). Deze fluorescentie zou kunnen worden gebruikt voor de 
lokalisatie van tumoren. Deze toepassing kan, in analogie met PDT, met 
'Photo-detection' (PD) worden aangeduid. 
Het doel van het onderzoek zoals beschreven in dit proefschrift is tweele­
dig. In de eerste plaats: onderzoek naar de waarde van PDT als een nieuwe 
behandelingsvorm van premaligne afwijkingen en planocellulaire carcinomen 
van het mondslijmvlies. Ten tweede: onderzoek naar de toepasbaarheid van 
PD, door middel van in vivo fluorescentie, als hulpmiddel voor de lokalisatie 
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van premaligne slijmvlies afwijkingen en planocellulaire carcinomen van het 
mondslijmvlies. Voor het onderzoek werd gebruik gemaakt van een proefdier­
model. In dit model werden met behulp van een carcinogene stof premaligne 
en maligne afwijkingen van het mondslijmvlies werden gei:nduceerd. De 
doelstellingen van dit onderzoek werden nagestreefd door: 
- het inventariseren van de bestaande literatuur over diermodellen met 
ge'induceerde dysplastische afwijkingen en planocellulaire carcinomen van 
het mondslijmvlies. Speciale aandacht werd gegeven aan het model met de 
rat als proefdier en 4-Nitroquinoline-1-oxide {4NQO) als carcinogene stof 
(Hoofdstuk 2); 
- onderzoek te doen naar de macroscopische en microscopische veranderingen 
van het palatumslijmvlies van de rat, in relatie tot verschillende applicatie 
tijden van het carcinogeen 4NQO (Hoofdstuk 3); 
- vergelijking van de histologische karakteristieken van de 4NQO ge'induceer­
de, dysplastische afwijkingen op het palatum slijmvlies van de rat met 
dysplastische afwijkingen van het mondslijmvlies van de mens (Hoofdstuk 4); 
- het inventariseren van de literatuur betreffende fotodynamische therapie 
(PDT) en fotodetectie (PD) aangaande de toepasbaarheid voor de behande­
ling van afwijkingen in de mondholte (Hoofdstuk 5); 
- het beschrijven van PD door middel van in vivo fluorescentie van Photofrin, 
voor verschillende stadia van ge'induceerde dysplasie en planocellulair 
carcinoom in het palatumslijmvlies van de rat (Hoofdstuk 6); 
- het beschrijven van de gevolgen van PDT op gezond palatumslijmvlies van 
de rat en de omringende anatomische structuren (Hoofdstuk 7); 
- beschrijven van het effect van PDT op ge'induceerde, dysplastische afwijkin­
gen en planocellulaire carcinomen van het palatumslijmvlies van de rat 
(Hoofdstuk 8). 
In hoof dstuk 2 wordt een overzicht gegeven van de literatuur betreffende 
diermodellen voor het planocellulaire carcinoom van de mondholte. In het 
algemeen moet onderscheid worden gemaakt tussen diermodellen met getrans­
planteerde tumoren en die met ge'induceerde tumoren. Het voordeel van een 
diermodel met ge'induceerde tumoren is dat zowel premaligne voorstadia 
alswel tumoren worden onderzocht, op localisaties die overeenkomst vertonen 
met de humane equivalent. Een nadeel is echter dat de inductie in het alge­
meen arbeidsintensief is en relatief veel tijd vergt. 
Het meest beschreven diermodel voor ge'induceerde planocellulaire carcino­
men van het mondslijmvlies is het hamster wangzak model. In dit diermodel 
worden in de wangzak van de hamster, met behulp van het carcinogeen 
9, 10-dimethyl-l ,2-benzanthracene {DMBA), planocellulaire carcinomen 
ge'induceerd. Nadelen van dit model zijn: dat de wangzak niet blootstaat aan 
invloeden die normaal in de mondholte optreden en het daarom twijfelachtig 
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is of de wangzak wel tot de mondholte zou mogen warden gerekend; het 
slijmvlies van de wangzak van de hamster vertoont weinig overeenkomst met 
dat van de mens; en de gei:nduceerde tumoren bij de hamster lijken te ontstaan 
uit papillomen, hetgeen bij de mens niet bet geval is. Een diermodel dat 
wellicht meer geschikt is dat, waarbij in palatumslijmvlies van de rat afwijkin­
gen warden gei:nduceerd met het carcinogeen 4-Nitroquinoline-1-oxide 
(4NQO). In dit hoofdstuk wordt een literatuuroverzicht gegeven van het 
4NQO model. Het bleek dat een goede beschrijving van de veranderingen van 
het palatumslijmvlies van de rat in relatie tot verschillende applicatie perioden 
van het carcinogeen 4NQO ontbrak. Tevens bleek dat vergelijking van 4NQO 
gei:nduceerde veranderingen bij de rat en premaligne afwijkingen van het 
menselijke mondslijmvlies nog niet was beschreven. Een goede overeenkomst 
van het 4NQO model met vergelijkbare afwijkingen bij de mens, zou waarde­
vol zijn voor onderzoek van bijvoorbeeld nieuwe behandelingsmethodes. 
In hoof dstuk 3 warden de macroscopische en microscopische veranderingen 
van het palatumslijmvlies van de rat beschreven in relatie tot verschillende 
applicatie perioden van het carcinogeen 4NQO. Het bepalen van de mate van 
dysplasie aan de hand van een histologisch preparaat is subjectief en kan sterk 
varieren tussen verschillende waarnemers. De Epitheliale Atypie Index (EAI), 
zoals beschreven door Smith en Pindborg, is een paging tot standaardisatie. 
Hierbij wordt de mate van dysplasie beoordeeld aan de hand van een dertiental 
histologische kenmerken. De subjectiviteit van beoordeling wordt hierdoor 
verminderd. De mate van dysplasie wordt vervolgens uitgedrukt in een getal 
zodat vergelijking van verschillende stadia van dysplasie van het slijmvlies 
mogelijk wordt. 
Uit de resultaten van ans onderzoek bleek dat de mate van dysplasie 
toeneemt als functie van de applicatie periode van het carcinogeen 4NQO. De 
EAI nam toe van een waarde 7 na 2 weken applicatie tot 42 na 26 weken 
applicatie van het carcinogeen. Na 26 weken applicatie werd in alle gevallen 
planocellulaire carcinomen waargenomen. Bij ratten waar de applicatie van het 
carcinogeen op een eerder moment werd gestopt, ontwikkelden zich uiteinde­
lijk toch planocellulaire carcinomen. Het bleek dat korte applicatie perioden 
aanleiding gaven tot lange latentie perioden voor het ontstaan van carcinomen 
en omgekeerd leidden lange applicatie perioden tot korte latentie perioden. 
Hieruit kan warden geconcludeerd dat de gei:nduceerde afwijkingen echt 
premaligne van aard zijn en niet berusten op reactieve veranderingen van bet 
slijmvlies. 
In hoofdstuk 4 warden dysplastische afwijkingen van het palatum van de rat 
histologisch vergeleken met dysplastische afwijkingen van het mondslijmvlies 
bij de mens. Vierentwintig, willekeurig gekozen, gevallen van dysplasie van 
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menselijk mondslijmvlies werden histologisch vergeleken met die van 24 
ratten, die 12, 16, 20 of 26 weken waren bestreken met het carcinogeen 
4NQO. Humane dysplasie en bij de rat gemduceerde dysplasie met gelijke of 
vrijwel gelijke EAI waarden werden onderling vergeleken. Het doel was om na 
te gaan of gevallen met een vergelijkbare mate van dysplasie waren samenge­
steld uit dezelfde histologische kenmerken. Het bleek dat er een grote mate 
van overeenkomst bestond tussen gemduceerde dysplastische afwijkingen van 
het palatumslijmvlies van de rat en dysplastische afwijkingen van het mond­
slijmvlies van de mens. Van de dertien histologische kenmerken, die in de EAI 
worden beoordeeld, bleken er negen identiek te zijn. 
Het 4NQO model van gemduceerde afwijkingen van het palatumslijmvlies 
van de rat vertoont derhalve een goede overeenkomst met dysplastische 
afwijkingen van het mondslijmvlies van de mens. Het model is representatief 
voor premaligne afwijkingen en planocellulaire carcinomen van het mondslijm­
vlies. 
In hoofdstuk 5 wordt een literatuuroverzicht gegeven over fotodynamische 
therapie (PDT) en fotodetectie (PD). Het mechanisme van PDT berust op 
foto-oxydatie van weefsel. Deze is het gevolg is van de interactie tussen de 
lichtgevoelige stof en licht van geschikte golflengten. Aanvankelijk werd 
gebruik gemaakt van Hematoporfyrinederivaat (HpD) als lichtgevoelige stof. 
Veel vaker wordt tegenwoordig in preklinische en klinische studies Photofrin 
gebruikt. Photofrin is afgeleid van Hematoporfyrinederivaat maar heeft een 
hogere fotodynamisch activiteit. Na intraveneuze toediening van de lichtgevoe­
lige stof verdeelt deze zich over het gehele lichaam. Na een bepaalde Oatentie) 
tijd bevindt zich meer van de lichtgevoelige stof in tumor- en dysplastisch 
weefsel dan in omringend normaal weefsel. De lichtgevoelige stof kan zich ook 
in andere weefsels zoals bijvoorbeeld de huid ophopen. Deze accumulatie in de 
huid is echter zodanig dat er na blootstelling aan zon- of ander fel licht een 
sterke reactie van de huid kan ontstaan. Deze langdurige (6-8 weken) lichtge­
voeligheid van de huid is een van de belangrijkste nadelen van de PDT met 
Photofrin. Helaas is het precieze mechanisme achter de opname van dit soon 
stoffen in (tumor)weefsels nog deels onbekend. 
Lichtgevoelige stoffen absorberen meestal licht van verschillende golfleng­
ten. Porfyrines hebben hun hoogste absorptie in het blauw-groen deel van het 
spectrum. Voor PDT met behulp van porfyrines wordt klinisch echter meestal 
rood licht gebruikt. De reden hiervoor is dat de penetratie van licht in weefsel 
toeneemt met de golflengte en er dus zo in theorie een groter weefsel volume 
mee kan worden behandeld. In principe kan iedere lichtbron worden gebruikt, 
zolang deze maar geschikte golflengten produceren die de lichtgevoelige stof 
kunnen activeren. Er wordt echter veelal gebruik gemaakt van lasers in 
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combinatie met een kleurstof laser. Deze genereren licht van gedefinieerde 
golflengten met voldoende vermogen. 
Na geactiveerd te zijn door het Qaser)licht, kan de lichtgevoelige stof zelf 
ook licht gaan uitzenden ( =fluorescentie). Deze fluorescentie zou kunnen 
warden gebruikt voor de lokalisatie van tumoren. Voor fluorescentie doelein­
den wordt veelal gebruik gemaakt van excitatielicht met een geringe intensiteit, 
om zo eventuele fotodynamische schade te vermijden. De opbrengst van het 
fluorescentielicht is daardoor echter zeer gering, zodat geavanceerde detectieap­
paratuur nodig is. Een bijkomend probleem is dat weefsels van nature ook 
kunnen fluoresceren. Deze zogenaamde autofluorescentie kan de lokalisatie 
bemoeilijken. 
Aanvankelijk werd PDT voornamelijk toegepast voor behandeling van de 
huidafwijkingen die gemakkelijk bereikbaar waren voor het laserlicht. Met de 
ontwikkeling van endoscopen werden echter oak aanvankelijk minder toegan­
kelijke gebieden, zoals longen, blaas en oesophagus bereikbaar. Hoewel de 
mondholte goed bereikbaar is voor het laserlicht, is er toch nog betrekkelijk 
weinig onderzoek gedaan naar de mogelijkheden van PDT en PD van prema­
ligne slijmvliesafwijkingen en planocellulaire carcinomen van dit gebied. 
Gebaseerd op deze literatuurstudie lijkt PDT vooral toepasbaar te zijn voor 
de behandeling van kleine, oppervlakkig groeiende tumoren. Ook dysplasti­
sche afwijkingen van het slijmvlies van de mondholte lijken goed met PDT 
behandeld te kunnen warden. Er bleek geen indicatie voor PDT van grate 
tumoren van de mondholte. Als palliatieve behandeling blijkt PDT veelal 
teleurstellende resultaten op te leveren. 
In hoof dstuk 6 wordt het onderzoek beschreven naar de mogelijke waarde 
van fotodetectie (PD) van dysplastische afwijkingen en planocellulaire carcino­
men van het mondslijmvlies. 
Inductie van de diverse stadia van dysplastische afwijkingen van het 
palatumslijmvlies en uiteindelijk planocellulaire carcinomen vond plaats op de 
wijze zoals beschreven in hoofdstuk 3. De lichtgevoelige stof Photofrin werd 
gebruikt in een concentratie van 2,5 mg/kg lichaams gewicht. V oorafgaand aan 
de toediening van Photofrin werd van iedere rat een opname van de autofluo­
rescentie van het palatumslijmvlies gemaakt. Fluorescentie opnames werden 24 
uur en 48 uur na toediening van de licht gevoelige stof gemaakt. Om de 
storende invloed van autofluorescentie te minimaliseren werd de fluorescentie 
geexciteerd met licht van twee verschillende golflengten (460 nm en 500 nm). 
Door middel van digitale subtractie van de verkregen fluorescentie opnamen 
werd de invloed autofluorescentie deels onderdrukt. Van ieder palatum werd 
tevens de mate van dysplasie bepaald met behulp van de Epitheliale Atypie 
Index (EAI). 
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De fluorescentie intensiteit, bleek 24 en 48 uur na toediening van Photofrin 
toe te nemen met toenemende 4NQO applicatie perioden. Voor EAI waarden 
groter dan 15 bleek er een significant verschil te bestaan tussen de fluorescentie 
waarden verkregen na toediening van Photofrin en die zonder Photofrin. 
De autofluorescentie nam ook toe bij toenemende mate van dysplasie van 
het epitheel. Echter, het fluorescentie signaal was altijd hoger wanneer Photof­
rin was toegediend. De resultaten van dit onderzoek laten zien dat PDT met 
Photofrin in staat is om geinduceerde dysplasie en planocellulaire carcinomen 
van het epitheel van het palatum van de rat zichtbaar te maken. Photofrin 
lijkt bij te dragen tot een verhoging van de sensitiviteit van deze vorm van 
detectie. Het blijkt echter ook mogelijk te zijn om autofluorescentie te 
gebruiken voor detectie van premaligne en maligne afwijkingen van het 
mondslijmvlies. 
In hoofdstuk 7 wordt de dosimetrie van licht en het effect van PDT op het 
normale palatumslijmvlies van de rat en omringende anatomische structuren 
beschreven. Ten gevolge van een selectieve op name van de lichtgevoelige stof 
in tumor weefsel zou PDT weinig tot geen schade mogen geven aan omringen­
de normale weefsels. Normale weefsels zijn echter wel degelijk in staat om ook 
de lichtgevoelige stof op te nemen. Hierdoor kunnen ook normale weefsels 
beschadigd raken. Een optimale combinatie van de dosis licht- en lichtgevoeli­
ge stof zou bij kunnen dragen tot verhoging van de selectiviteit van de 
behandeling. Photofrin werd bij 80 normale ratten in verschillende concentra­
ties (0, 2,5 5 of 10 mg/kg) toegediend, waarna na 24 uur het palatum werd 
belicht met diverse licht doses (0, 25, 50, 100, of 200 J/cm�. Er werden twee 
verschillende excitatie golflengten (514,5 nm en 625 nm) gebruikt. De effecten 
werden twee dagen of twee maanden na de behandeling onderzocht. Dit om 
zowel de directe schade als ook de potentiele genezing op termijn te kunnen 
beoordelen. De resultaten van het onderzoek laten zien dat het normale 
slijmvlies van het palatum en ook de omringende structuren zoals bot, 
gebitselementen, vaten en zenuwen wel degelijk schade ondervonden. De mate 
van schade bleek zowel van de lichtdosis als van de dosis lichtgevoelige stof af 
te hangen. Hogere doses gaven meer schade. Twee dagen na de behandeling 
bleek het effect van licht van 625 nm dat van 514,5 nm te overtreffen. Na 
twee maanden was dit effect juist omgekeerd. Een mogelijke verklaring 
hiervoor is dat licht van 625 nm licht dieper doordringt in de weefsels. 
Hierdoor is licht van 625 nm in staat schade te veroorzaken in een groter 
gebied van de bovenkaak. Licht met een golflengte van 514,5 nm wordt echter 
veel effectiever geabsorbeerd door porfyrine moleculen. Hierdoor kunnen de 
schade effecten sterker zijn. Voor beide golflengten licht bleek de combinatie 
van 2,5 mg/kg Photofrin en 100 J/cm2 als lichtdosis een acceptabele schade te 
veroorzaken. 
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Daarnaast werd bij zes ratten onderzoek verricht naar de verdeling van licht in 
het normale slijmvlies en de omringende structuren van het palatum. Ver­
strooiing en reflectie van licht kunnen de uiteindelijke lichtdosis in het weefsel 
bemvloeden. In het geval van licht van 5 14,5 nm gaf dit aanleiding tot een 
tweemaal zo hoge dosis licht in het slijmvlies ten opzichte van de primaire 
bundel. V oor licht van 625 nm bleek dit zelf driemaal zo groot te zijn. Ook in 
de omringende structuren bleek er sprake van een hogere lichtdosis. Dit zou 
mede de oorzaak kunnen zijn voor de waargenomen schade aan normale 
weefsels. 
In hoofdstuk 8 wordt het effect van PDT op gemduceerde dysplastische 
afwijkingen en planocellulaire carcinomen van het palatumslijmvlies van de rat 
beschreven. Het onderzoek werd verricht bij in totaal 80 ratten. Met behulp 
van het carcinogeen 4NQO werden, zoals eerder beschreven, dysplastische 
afwijkingen en planocellulaire carcinomen in het palatum slijmvlies van de rat 
gemduceerd. De dosis Photofrin bedroeg 2,5 mg/kg. De lichtdosis was 100 
J/cm2• Er werden twee golflengten licht gebruikt (514,5 nm en 625 nm). De 
helft van de ratten werd twee dagen na behandeling opgeofferd, de overigen na 
twee maanden. Deze twee periodes waren gekozen om het directe schade effect 
te kunnen vergelijken met het effect na een periode waarvan gedacht mag 
warden dat herstel kan optreden. 
Twee dagen na PDT vertoonden vrijwel alle ratten een uitgebreide erythe­
mateuze verandering van het epitheel van het intermolare gebied. T even was 
er sprake van lokale ulceratie en necrose. Deze effecten bleken voor beide 
gebruikte golflengten licht vrijwel identiek. Opvallend was dat het behande­
lingsresultaat goed overeen kwam met het belichte gebied, waarbij een scherpe 
afgrenzing ten opzichte van omringend, niet behandeld weefsel duidelijk 
waarneembaar was. 
Twee maanden na PDT was er sprake van een grotere verscheidenheid aan 
klinische manifestaties van het epitheel van het intermolare gebied. Deze 
bestond uit: intact epitheel met aanwijzingen voor littekenweefsel, lokaal 
blootliggend bot omgeven door intact epitheel en gevallen waarin sprake was 
van tumorgroei. 
Het microscopische effect twee dagen na PDT bestond uit oedeem, bloe­
ding en necrose van het epitheel van het behandelde gebied. De necrose van 
het epitheel was echter in veel gevallen niet volledig. Vaatschade werd in 
vrijwel alle gevallen aangetroffen. Deze bestond voornamelijk uit een vasculair 
oedeem. Ook bleek er schade te zijn opgetreden aan andere strukturen, zoals 
het palatumbot, sinus/ neus epitheel en de pulpa van de molaren. Er kon geen 
verschil tussen beide golflengten of duur van de 4NQO applicatie periode 
worden vastgesteld. 
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Twee maanden na PDT bestonden de microscopische veranderingen uit: 
onregelmatiger opbouw van het epitheel, een dicht bindweefsel in de submuco­
sa en epitheliale cysten in de submucosa. In meerdere gevallen bleek er sprake 
van partieel verlies van palatumbot. V asculaire veranderingen bestonden 
voornamelijk uit hypertrofie van de vaatwand, vasculaire recanalisatie, tot 
volledig verlies van de grote vaten van het palatum. Neuronale proliferatie 
werd tevens waargenomen. 
Bij 6 van de 20 ratten uit de 514,5 nm groep bleek er 2 maanden na 
behandeling geen aanwijzingen te bestaan voor dysplasie van het epitheel of 
voor tumorgroei. Dit bleek bij slecht 2 van de 20 ratten in de 625 nm groep 
het geval te zijn. Tumorgroei werd aangetroffen bij 4 van de 20 ratten in de 
5 14,5 nm groep en bij 7 van de 20 in de 615 nm groep. 
Het bleek dat PDT (in dit model, met de hier gekozen behandelingspara­
meters) niet in staat was om in alle gevallen dysplasie en planocellulaire 
carcinomen afdoende te behandelen. Naast (beoogde) schade aan het epitheel, 
trad er ook irreversibele schade op aan weefsel in de nabijheid van het epi­
theel. Verlies van bot en schade aan de gebitselementen zijn hier voorbeelden 
van. De hoge incidentie van dysplasie en planocellulaire carcinomen, 2 
maanden na de behandeling, valt echter mogelijk voor een deel te verklaren uit 
een nadeel van het diermodel. Na applicatie van het carcinogeen 4NQO treedt 
er verspreiding van het carcinogeen op door de mondholte en blijft het effect 
niet beperkt tot het intermolare gebied. Hierdoor treden, in meer of mindere 
mate ook veranderingen op in de andere slijmvliesgebieden in de mondholte. 
Regeneratie van het epitheel van het intermolare gebied na PDT komt deels 
voort uit ingroei van epitheel vanuit de wel door 4NQO veranderde, maar 
niet door PDT behandelde randen. Het is daarom moeilijk om het echte 
behandelingsresultaat van PDT voor dysplasie en planocellulair carcinoom in 
dit diermodel vast te stellen. Een diermodel waarin dysplasie of invasieve 
tumor groei van het palatumslijmvlies op een meer beperkte wijze zou kunnen 
worden ge"induceerd (of getransplanteerd) zou mogelijk deze vraag beter 
kunnen beantwoorden. Verder diem te worden opgemerkt dat Photofrin 
misschien niet de meest geschikte stof is voor PDT. Met name de langdurige 
lichtgevoeligheid van de huid is een beperkende factor voor klinische toepas­
sing. V oordat PDT veilig en effectief zal kunnen worden toegepast voor 
curatieve behandeling van premaligne en maligne afwijking van het mondslijm­
vlies is aanvullend onderzoek nodig. Dit (dier)onderzoek zal zich met name 
moeten richten op nieuwe lichtgevoelige stoffen, locale applicatie van de 
lichtgevoelige stof, optimalisatie van de dosimetrie van zowel het licht als de 
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